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STUDY  OF  HELICOPTER  GEAR  LUBRICATION 


Introduction 


This  is  a  report  of  work  done  at  Shell  Development  Company  under  a 
contract  with  the  U.  S.  Navy,  relating  to  the  study  of  helicopter  gear  lubri¬ 
cation.  It  is  a  final  report  of  the  work  done  at  the  Emeryville  laboratories. 

The  approach  used  in  this  project  to  the  study  of  helicopter  gear 
lubrication  consists  in  a  study  of  the  types  of  failure  that  have  occurred  in 
helicopter  transmissions  in  the  field,  and  an  attempt  to  learn  the  causes  of 
such  failures  on  a  theoretical  and  experimental  basis.  The  overall  objectives 
of  the  work,  however,  are  not  limited  to  solutions  of  gear  lubrication  problems 
of  existing  helicopter  transmissions,  but  also  aim  at  developing  information 
useful  to  future  transmission  designs  and,  in  part,  applicable  to  other  gear 
systems. 


From  discussions  with  Navy  personnel,  and  as  a  result  of  a  visit  to 
Navy  helicopter  overhaul  facilities,  it  was  concluded  that  the  principal  mode 
of  helicopter  transmission  gear  failure  was  pitting.  Accordingly,  appreciable 
effort  was  made  to  learn  something  about  the  gear  tooth  contact  conditions  and 
mechanisms  that  lead  to  this  type  of  failure. 

The  lubrication  of  helicopter  gears  is  not  different,  in  principle, 
from  the  lubrication  of  other  geared  systems,  and  it  is  possible  to  apply  the 
technology  which  has  been  previously  developed  to  the  problem.  At  the  same 
time,  it  is  important  to  consider  the  particular  values  of  the  variables  which 
are  present  in  helicopter  gears,  so  that  the  research  can  be  applied  specifi¬ 
cally  to  the  problems  at  hand.  For  this  reason,  the  work  in  this  report 
includes  not  only  analysis  of  involute  gears  in  general,  but  includes  in 
particular,  a  study  of  8/10  pitch  stub  tooth  gears  of  22-1/2°  pressure  angle, 
and  a  comparison  of  these  gears  with  full  depth  gears.  This  is  because  the 
stub  tooth  gears  have  been  specified  in  the  gear  boxes  of  helicopters  used  by 
the  contracting  agency,  and  are  therefore  of  special  interest.  Similarly,  the 
lubricants  used  in  all  the  experimental  work  reported  here  have  been  chosen 
because  they  are  the  lubricants  which  are  used  in  helicopters. 

Instead  of  attempting  to  study  the  problem  in  the  full  scale  equip¬ 
ment,  the  approach  was  to  study  laboratory  test  gears  in  a  gear  test  machine 
with  which  we  already  had  gained  a  good  deal  of  experience.  Concurrently  with 
this  study,  a  new  Rotary  Contact  Simulator,  using  steel  disk  specimens  was 
applied  to  the  problem.  Conditions  of  a  gear  tooth  vary  from  point  to  point 
along  the  tooth  surface,  so  that  a  gear  represents  a  composite  of  a  large 
number  of  adjacent  contact  conditions.  In  one  sense,  this  is  an  advantage  for 
study,  because  in  a  single  test  a  gear  can  produce  a  range  of  phenomena  for 
interpretation.  It  is  not  necessary  to  explore  the  range  of  conditions  on  a 
gear  tooth  point  by  point  to  discover  important  or  interesting  phenomena;  by 
the  mechanism  of  failure,  the  important  areas  call  attention  to  themselves. 

In  another  sense,  however,  the  succession  of  adjacent  conditions  along  the 
gear  tooth  makes  study  difficult,  because  no  large  area  of  homogeneous  damage 
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can  be  studied.  Conditions  existing  at  a  single  line  of  contact  are  not  the 
same  as  conditions  on  the  neighboring  lines,  so  it  is  difficult  to  assess  the 
character  of  the  damage  in  many  cases,  or  trace  its  origin.  In  this  important 
respect  the  Rotary  Contact  Simulator  adds  to  the  power  of  observation  of  any¬ 
one  studying  gear  contacts.  A  pair  of  metal  disks  is  brought  into  contact  at 
the  same  rpa  as  the  gears  being  simulated,  with  the  appropriate  radii  of 
curvature  ana  load,  so  that  all  important  parameters  existing  at  a  contact 
point  on  a  pair  of  gear  teeth  are  duplicated  continuously  around  the  entire 
circumference  of  the  disks.  A  more  complete  discussion  of  this  matter  is 
presented  in  a  later  section,  but  it  is  important  to  appreciate,  at  this  point, 
the  fact  that  the  disks  in  the  Rotary  Contact  Simulator  actually  recreate  the 
conditions  at  the  point  of  interest  in  the  gears,  and  do  this  in  such  a  way 
that  an  appreciable  area  of  surface  is  produced  which  shows  the  effects  of  the 
contact  conditions,  free  ol  interference  from,  or  influence  by  the  adjoining 
conditions. 

The  portion  of  the  work  under  the  general  heading  of  theoretical 
calculations  covers  a  number  of  subjects,  which  will  be  reviewed  briefly  here. 

It  is  useful,  in  the  study  of  gears,  to  keep  track  of  the  stresses  produced  in 
the  metal  by  the  applied  loads.  The  stress  in  a  contacting  pair  of  gear  teeth 
is  essentially  a  Herts  stress,  produced  by  the  flattening  of  two  curved  surfaces 
in  contact.  The  Herts  equation  is  strictly  applicable  for  the  contact  of  two 
cylinders,  but-  can  be  regarded  as  a  close  approximation  for  two  involutes. 

In  this  report  a  method  is  presented  for  calculating  the  Hertz  stress  in  gears, 
based  on  the  Hertz  equation,  but  so  arranged  that  the  stress  distribution  is 
easily  seen.  This  is  based  on  the  development  c  f  a  simple  parameter,  X,  which 
represents  the  travel  of  the  contact  point  along  the  line  of  action.  In  order 
to  calculate  Hertz  stress,  it  is  necessary  to  know  the  force  between  two  gear 
teeth,  and  this  depends,  not  only  on  the  total  force  being  transmitted  from 
one  gear  to  the  other,  but  also  on  the  number  of  teeth  sharing  in  the  load 
transmission,  and  on  the  manner  in  which  they  share  the  load.  In  order  to 
facilitate  these  considerations  on  a  general  level,  curves  were  developed  by 
means  of  which  the  load  sharing  regions  can  be  found  with  respect  to  the 
parameter  X,  By  ireans  of  these  curves,  together  with  the  curves  for  calculat¬ 
ing  Hertz  stress,  it  is  possible  to  obtain  a  clear  picture  of  the  Hertz  stress 
distribution  on  gear  teeth,  and  to  estimate  the  effect  of  each  variable  on  the 
3tress.  For  full  depth  teeth  it  is  possible  to  construct  these  curves  inde¬ 
pendently  of  diametral  pitch,  so  that  they  can  be  applied  to  all  gears  at  the 
chosen  pressure  angle  (20'  in  this  case).  Since  the  helicopter  gear  box  data 
are  taken  from  a  system  in  vhich  stub  tooth  gears  are  used,  with  a  22-1/2° 
pressure  angle,  a  separate  set  of  curves  had  to  be  calculated.  Unfortunately, 
in  the  Fellows  Stub  tooth  system,  it  was  not  possible  to  make  the  curves 
independent  of  diametral  pitch,  so  the  curves  apply  only  to  8/10  pitch  gears. 

The  method  of  visualizing  and  calculating  Hertz  stresses  for  gears 
suggests  a  stress  criterion  for  gear  design  which  is  also  presented  in  this 
report.  Briefly,  this  criterion  is  based  on  the  concept  of  "balanced"  stresses. 
The  region  of  the  gear  tooth  affected  by  loads  carried  in  single-tooth  contact 
is  stressed  more  highly  than  the  regions  immediately  adjacent  to  it.  However, 
due  to  the  geometry  of  an  involute,  the  stresses  may  reach  very  high  values  in 
the  regions  near  the  beginning  and  end  of  double  tooth  contact,  if  the  loads 
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are  carried  at  either  very  low  or  very  high  values  of  X.  Since  the  region  of 
single-tooth  contact  establishes  a  stress  level  not  readily  subject  to  modifi¬ 
cation,  it  is  good  engineering  practice  to  avoid  stresses  on  other  parts  of 
the  tooth  which  are  excessive  with  respect  to  this  level.  The  stress  calcula¬ 
tion  method  developed,  as  described  above,  is  readily  applicable  to  this 
problem,  and  it  has  been  used  to  show  that  for  any  gear  ratio  there  is  a 
minimum  number  of  teeth  which  must  be  present  in  the  gears  to  avoid  over stress. 
This  differs  for  full  depth  teeth  and  stub  teeth,  so  calculations  have  been 
made  for  both  systems,  and  comparisons  are  presented. 

A  comparison  is  also  presented  of  the  stresses  present  in  a  full 
depth  gear  tooth  and  a  stub  tooth,  with  respect  to  the  location  and  magnitude 
of  maximum  stress.  Stub  teeth,  while  offering  several  advantages,  suffer 
from  the  fact  that  the  maximum  stress  arises  at  a  point  of  higher  sliding 
velocity  than  in  full  depth  gears.  This  fact,  although  its  importance  is  not 
assessed,  should  be  considered  in  any  study  of  gear  tooth  damage. 

Much  effort  has  been  given  to  the  analysis  of  gears  because  it  is 
important  that  details  of  stress  and  energy  input  at  the  contact  be  known  if 
one  is  to  establish  a  cause-ard -effect  relationship  between  contact  severity 
and  surface  damage.  Thus,  a  consideration  of  the  magnitude  and  cyclic  nature 
of  the  contact  stresses,  along  with  observations  of  surface  failure,  led  to 
the  formulation  of  a  fatigue-scoring  hypothesis.  This  hypothesis  has  been 
confirmed  in  laboratory  tests,  find  it  has  been  extended  to  include  the 
mechanism  of  pitting.  The  hypothesis  has  also  been  useful  in  clarifying  the 
complex  phenomenon  of  break-in,  and  in  guiding  the  design  of  laboratory 
experiments.  In  the  following  work,  fatigue,  scoring,  pitting,  and  break-in 
are  all  discussed,  along  with  their  interactions,  and  with  relation  to  the 
contact  conditions  that  bring  them  into  effect. 

Analysis  of  Gears 

The  geometry  of  a  particular  pair  of  gears  has  an  effect  on  the  load 
carried  by  the  individual  teeth,  on  the  variation  in  load  as  the  contact  moves 
along  the  tooth  face,  and  on  the  stress  experienced  by  the  gear  tooth  surface 
as  the  load  passes  over  it.  In  this  section  an  analysis  will  be  presented 
showing  how  the  surface  stress  varies  at  a  known  tooth  load  for  various  spur 
gear  pairs,  and  how  the  tooth  load  is  affected  by  load  sharing.  The  analysis 
has  been  applied  to  full  depth  gears  of  20°  pressure  angle,  and  to  stub  tooth 
gears  of  8/10  diametral  pitch  and  22-1/2°  pressure  angle.  This  information  is 
needed  for  rational  comparison  of  gear  distress  for  different  systems.  Sane 
details  of  gear  action  will  be  presented  first  to  establish  a  basis  for  the 
analysis. 

Gear  Geometry 

Figure  1  shows  the  essential  mathematical  elements  in  a  mating  pair 
of  spur  gears.  The  line  of  centers  is  vertical  in  the  figure.  About  two 
points,  0  and  O',  on  this  line  are  drawn  the  base  circles  of  two  gears.  A 
common  tangent  to  these  base  circles  is  the  line  of  action,  AB,  drawn  with  a 
20°  pressure  angle,  a.  Later  in  this  section,  gears  with  a  22-1/2  degree 
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pressure  angle  are  considered.  The  intersection  of  the  line  of  centers  and 
the  line  of  action  is  the  pitch  point  P,  and  one  can  imagine  a  tangent  pair 
of  pitch  circles  running  through  this  point.  They  have  not  been  drawn  because 
they  would  add  very  little  to  the  present  discussion,  and  their  inclusion 
would  only  crowd  the  diagram.  The  addendum  circles,  which  establish  the 
height  of  the  teeth,  are  shown. 

For  clarity  a  pair  of  involutes  in  contact  is  shown  in  contact  at  an 
arbitrary  point  C  along  the  line  of  action.  This  represents  the  contact  of  a 
pair  of  teeth.  The  driver  in  this  diagram  has  been  drawn  smaller  than  the 
driven  member  of  the  pair,  but  the  discussion  to  follow  does  not  rely  on  this 
fact,  and  indeed,  the  identities  of  driver  and  driven,  rather  than  pinion  and 
gear  are  to  be  maintained.  Contact  begins  at  point  D  on  the  line  of  action 
where  the  addendum  circle  of  the  driven  gear  crosses  the  line  of  action. 
Contact  ends  at  point  E,  where  the  addendum  circle  of  the  driving  gear  crosses 
the  line  of  action. 


Contact  points  can  be  visualized  as  entering  the  line  of  action  at  A 
and  travelling  toward  F.  with  uniform  velocity  and  spacing.  The  spacing 
between  contact  points  is  equal  to  the  circumference  of  either  base  circle 
divided  by  the  corresponding  number  of  teeth.  This  parameter  must  obviously 
be  the  same  for  each  of  the  mating  gears  of  a  pair,  and  is  given  by  the 
expression 


AS  = 


it  x  PD  x  cos  a 


When  this  expression  is  written  in  the  form 


AS  = 


«  cos  a 


where 

AS  «=  the  distance  along  the  line  of  action  between  contact  points 
PD  =  pitch  diameter 
PD  x  cos  a  =  base  circle  diameter 
a  =  pressure  angle 
N  =  number  of  teeth 
DP  =  diametral  pitch  =  N/PD 

it  is  evident  that  AS  is  the  same  for  all  gears  of  a  single-diametral  pitch 
and  press^e  angle. 

The  distance  between  the  start  of  the  line  of  action  and  the  contact 
point  can  be  divided  by  the  length  of  the  line  of  action  to  obtain  the  non- 
dimensional  parameter  X. 


(5) 
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This  parameter  is  useful  in  the  development  of  curves  for  Hertz  stress  and  for 
the  presentation  of  information  on  load  sharing,  and  will  therefore  be  used 
throughout  this  work. 


The  fractional  distance  between  two  adjacent  points  of  contact  is 


AB 


where  AB  is  defined  in  Figure  1  and  equals  AP  +  PB  . 

Tn  PDi  • 

AP  »  sin  a 


(M 


(5) 


PB  «  -2-  sin  a 


(6) 


so  that 


2&S 


M  *  (PDx  +  PD2)  sin  a 
or  from  (2) 


2n  cos  a _ 

DP  (PDj.  +  PD2)  sin  a 


(7) 


(8) 


or 


dX 


2n  cot  a 
Ni*V  N2  * 


(9) 


A  graph  of  £X  for  20°  full  depth  gears  is  presented  in  Figure  2.  A  similar 
graph  for  22-1/2°  stub  tooth  gears  is  presented  in  Figure  3. 

Load  Sharing 

The  design  of  a  set  of  gears  that  will  run  smoothly  requires  that 
each  pair  of  teeth  approaching  mesh  accept  a  portion  of  the  load  before  the 
preceding  teeth  in  the  mesh  release  the  entire  load.  This  "overlap"  comes 
about  automatically  for  most  reasonable  gear  ratios  and  numbers  of  teeth,  and 
it  results  in  load  sharing  among  the  teeth  for  a  portion  of  the  mesh  cycle. 

In  the  usual  case  the  load  is  carried  alternately  in  single  and  double-tooth 
contact,  but  under  some  conditions  the  number  of  contacts  can  get  higher. 

This  fact  is  important  in  the  calculation  of  Hertz  stresses  on  the  gear  teeth. 
In  order  to  calculate  the  stress,  one  must  know  the  load  on  the  pair  of  teeth 
being  examined.  This  may  be  the  total  load  being  transmitted  by  one  gear  to 
the  other,  or  it  may  be  a  fraction  of  this  load,  in  the  neighborhood  of  50$. 

For  the  test  gears  used  in  this  research  program  (to  be  described  in  greater 
detail  in  the  section  on  gear  tests, )  the  load  sharing  schedule  is  shown  in 
Figure  4.  This  curve  shows  the  percentage  of  the  total  transmitted  load  carried 
by  a  tooth  as  a  function  of  X.  Between  X  *  0  and  X  =  .1,  the  tooth  has  not 
entered  contact,  so  the  load  is  zero.  At  X  «  .1,  the  tooth  enters  contact,  and 
the  load  on  it  increases  abruptly  to  ho $  of  the  total  transmitted  load.  From 
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this  point  to  X  =  .5555  the  load  increases  uniformly  to  60$  of  the  transmitted 
load.  It  then  jumps  to  100$  as  the  tooth  goes  into  single-tooth  contact.  The 
load  remains  100$  until  double-tooth  contact  is  reestablished  at  X  =  .5817, 
and  then  the  load  drops  back  to  60$.  The  load  then  decreases  uniformly  to  40$ 
at  X  »  .8551  and  then  drops  to  zero  as  the  t^oth  goes  out  of  contact.  This 
curve  is  obtained  by  calculating  the  values  of  X  at  which  the  transitions  take 
place,  and  plotting  the  percent  loads  as  measured  by  strain  gages  on  a  actual 
gear.  These  curves  are  idealized,  and  apply  for  speeds  up  to  a  few  thousand 
rpm;  at  higher  speeds  dynamic  effects  such  as  tooth  vibration  begin  to 
complicate  the  picture. 

A  general  set  of  curves  like  that  in  Figure  4  cannot  be  presented, 
but  at  least  the  points  where  contact  starts  and  stops,  and  where  single-tooth 
contact  starts  and  stops  can  be  calculated.  Figures  5  through  11  represent 
the  calculated  values  of  X  where  these  events  take  place  over  a  range  of  gear 
ratios  from  1:3  to  3:1,  for  full  depth  gears  having  up  to  50  teeth.  The  test 
gears  have  nearly  a  1:1  ratio,  so  we  can  compare  the  curves  in  Figure  4  with 
that  in  Figure  8  to  see  the  correspondence.  According  to  Figure  8,  a  1:1 
gear  set  with  1$  teeth  on  each  member  (the  test  gears  h°ve  17  and  19, 
respectively)  starts  contact  at  X  =  .13.  Single-tooth  contact  begins  at  X  =  .39 
and  ends  at  X  =  .61.  Contact  ends  at  X  =  .87.  These  values  are  comparable  to 
the  values  listed  above  for  the  transition  points  of  the  17:19  system.  When 
the  curves  are  presented  in  this  form  the  diametral  pitch  is  not  specified,  so 
the  curves  apply  to  gears  of  all  diametral  pitches. 

Contact  begins  in  a  spur  gear  at  the  point  where  the  addendum  of  the 
driven  member  first  crosses  the  line  of  action.  At  a  point  AX  ahead  of  this 
on  the  line  of  action,  a  contact  point  is  already  in  existence,  where  the  full 
transmitted  load  is  being  carried.  At  the  same  moment  as  contact  is  beginning 
for  one  tooth,  then  double-tooth  contact  is  beginning  for  the  preceding  tooth, 
at  a  position  along  the  line  of  action  X  +  AX.  Similarly,  contact  ends  where 
the  addendum  circle  of  the  driver  crosses  the  line  of  action,  and  double-tooth 
contact  ends  at  a  value  AX  ahead  of  the  end  of  contact.  When  this  method  of 
calculation  is  used,  all  the  correct  contacts  are  predicted,  but  seme  additional 
contacts  are  predicted  which  are  only  of  mathematical  interest,  but  which 
cannot  exist  in  the  actual  gears.  No  contact  can  occur  on  the  line  of  action 
for  negative  values  of  X,  even  though  mathematically  it  is  possible  to  predict 
such  contacts.  For  clarity  of  presentation  the  curves  are  shown  extending  into 
the  negative  area,  but  they  are  shewn  dashed,  to  indicate  that  such  values  are 
not  real.  At  the  point  where  the  calculated  curve  goes  below  zero  or  over  one, 
the  actual  curve  has  a  discontinuity  of  slope,  and  continues  along  the  zero  or 
one  axis.  At  this  point  the  corresponding  curve  for  start  or  end  of  single¬ 
tooth  contact  has  a  sudden  change  of  slope  also.  It  is  impossible  for  the 
limits  of  single-tooth  contact  to  lie  beyond  the  start  or  end  of  contact,  but 
it  is  possible  to  calculate  values  for  the  curves  vhich  make  them  lie  outside. 
Such  curves  are  shown  dotted,  to  indicate  that  they  are  of  purely  mathematical 
interest. 


The  areas  of  real  contact  have  been  shaded,  to  distinguish  them  from 
areas  where  no  contact  can  take  place.  The  areas  of  single-tooth  contact  are 
shaded  differently  from  those  of  double-tooth  contact.  Figures  12  through  19 
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are  similarly  developed  far  stub  tooth  gears  of  8/10  diametral  pitch  and 
22-1/2°  pressure  angle.  Unfortunately,  it  is  not  possible  to  develop  a  single 
set  of  curves  for  all  pitches,  so  it  was  chosen  to  present  a  single  set  which 
apply  to  the  helicopter  design  being  considered  specifically  in  this  study. 

It  should  be  pointed  out  that  Figures  5  through  11  apply  to  all  full 
depth  gears  of  20°  pressure  angle,  regardless  of  diametral  pitch.  Figures  12 
through  19  are  specJfic  to  stub-tooth  gears  of  8/10  pitch  and  22-1/2*  pressure 
angle. 

torts  Stress 


The  stress  at  the  point  of  contact  is  related  to  the  transmitted 
force  per  unit  width  of  tooth,  the  radii  of  curvature  of  the  teeth  at  the 
contact  point,  and  the  properties  of  the  gear  material.  The  actual  stress  can 
be  closely  approximated  by  calculating  the  stress  between  two  contacting 
parallel  cylinders  having  radii  equal  to  the  radii  of  curvature  of  the  teeth 
at  the  point  in  question.  The  Herts  equation  is  used  for  this: 


where 

o  »  Hertz  stress 
E  «  modulus  of  elasticity 
F  *  normal  farce 

v  *  width  of  teeth  ar  cylinders  over  which  force  acts 
r  *  radius  of  curvature  . 

It  should  be  noted  that  AC  is  the  radius  of  curvature  of  the  driver  tooth  at 
C,  while  BC  is  the  radius  of  curvature  of  the  driven  tooth. 

AC  +  BC  -  rx  +  tz  =  sin  a  (11) 


where  PD  »  pitch  diameter. 

With  this  equation  we  can  now  derive  an  expression  for  the  Hertz 
8 tress  at  the  middle  of  the  line  of  action  (X  »  .5).  Note  that  this  is  not 
the  pitch  point  except  for  a  1:1  gear  ratio.  The  Hertz  equation  applies: 


o.s  *  .4l8 


V—  [— 

V  v  [rx 


rz 


k 


(12) 


But  at  X  ■  .5 


ri  »  r2 


ri  +  Tp 
2 


(13) 
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and  applying  equation  (11) 


?Di  +  PD2 

ri  =  r2  =  — 8ia  a  . 


Substituting  (lb)  into  (12)  we  obtain 


(14) 


hs  =  -VTk  +  PDa)  sin  a  * 


(15) 


If  ve  now  take  the  gear  ratio  as 
PD? 


n  = 


PDn 


(16) 


8 


we  obtain 

a*5  *^18^  w  pdx(1  +  n)  sin  a 

If  we  introduce  the  value 

E  =  29  x  10®  psi  for  steel  and  a  =  20°,  and  reduce  the  expression. 


(IT) 


we  obtain 


0.s  - 


lQ,.g8l^3A/F 

VPDxd  +  n)  Vv 


(18) 


which  can  be  written  as 


"•3  =Kx  V V 


where 


Ki  = 


10.887  x  V3 
'{FdJTTTx)  ’ 


(19) 


(20) 


Figure  20  is  a  family  of  curves  for  Kx  for  a  range  of  gear  ratios  and  pinion 
diameters.  One  can  see  from  the  curves  that  for  a  given  pinion  size  the  stresses 
become  lower  as  the  gear  becomes  larger.  Also,  smaller  pinions  at  constant 
gear  ratio  result  in  higher  stresses. 

The  Hertz  stresses  just  calculated  exist  at  the  middle  of  the  line 
of  action.  A  single  curve  can  be  developed  to  relate  stresses  at  all  other 
points  on  the  line  of  action  to  these  at  the  middle.  The  development  is 
presented  here.  If  we  designate  the  stress  at  some  arbitrary  value  of  X  as 
av,  then  from  (10),  (14)  and  (15), 


.418  V—  !—  +  — 1 

_ jL.V.  -Ill _ lai 


-  1 
2 


J-5  ' 


2 


(21) 


V  v  rx  +  r2  rx  +  r2 
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which  simplifies  to 


22 £_ 


o.s 


fei  +  r2)Z 
**1*2 


1 

I 


(22) 


Upon  substitution  of  X  = 


_ El _ 

ri  +  r2 


(23) 


where  rj.  refers  to  driver,  regardless  of  whether  it  is  pinion  or  gear,  and 


1 


-  X  = 


_ I2_ 

*1  +  *2 


(24) 


which  can  be  obtained  from  the  defining  equation  (3)  one  obtains 


52£_  _ 
0.5 


1 

2V  ac(l  “  ac)  * 


(25) 


Far  convenience  this  ratio  is  defined  as  Fx. 

A  plot  of  this  relation  appears  in  Figure  21.  This  curve  is 
symmetrical,  passing  through  unity  at  X  =  .  5,  and  reaching  very  high  values  at 
values  of  X  approaching  zero  or  one.  This  curve  applies  to  all  diametral 
pitches  and  all  pressure  angles  for  full  depth  and  steel-tooth  gears. 


The  following  important  observations  should  be  noted.  The  minimum 
stress  level  far  a  given  farce  occurs  at  X  *  .5.  The  stress  at  other  points 
is  simply  related  to  the  X  =  .5  value.  The  curves  in  Figure  20  indicate  how 
stresses  generally  vary  from  one  gear  system  to  another.  Figure  21  shows  how 
the  stress  varies  along  any  tooth  for  a  given  tooth  load.  The  product  of  these 
two  relations  allows  the  actual  stress  at  any  point  to  be  determined.  However, 
not  every  point  along  the  line  of  action  receives  the  same  load.  The  total 
transmitted  load  of  the  gearset  must  be  multiplied  by  a  function  varying 
between  zero  and  one  to  find  the  actual  tooth  load.  Contact  generally  does 
not  begin  at  X  =  0,  so  the  load  function  is  zero  up  to  a  certain  value  of  X. 
Similarly,  since  contact  generally  ends  before  X  =  1,  the  load  function  drops 
to  zero  above  certain  values  of  X.  While  the  minimum  value  of  Fx  occurs  at 
X  =  .5,  the  point  X  =  .  5  may  not  come  within  the  range  of  X  where  load  is 
carried. 


As  shown  in  equation  (15),  the  Hertz  stress  is  related  to  the 
pressure  angle.  For  the  helicopter  gears  this  angle  is  22-1/2°,  so  Figure  20 
does  net  apply.  If  we  introduce  the  value  a  =  22-1/2  we  obtain 


u.s  =  [p^d  +  n)  gin  a j 

10.29C  x  103  ^  ff 

°*5  =  ’VpdITT  +  n)  yv 


(26) 

(27) 


which  can  be  written  as  a.  5  =  •  Figure  22  can  be  used  to  aid  in  the 


calculation  of  a. 5  from  this  equation. 
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"Balanced  Stress"  Criterion 


From  the  Hertz  stress  and  load  sharing  calculation  techniques 
developed  in  the  two  preceding  sections  it  is  possible  to  make  a  further 
development  which  may  be  of  value  in  understanding  of  gear  design  and  distress. 
The  load  which  appears  on  a  gear  tooth  in  the  neighborhood  of  the  pitch  line 
is  produced  by  single-tooth  contact.  The  resultant  Hertz  stress  is  higher  than 
that  in  the  adjacent  double-tooth  contact  regions,  for  the  same  transmitted 
lead.  This  is  illustrated  in  Figure  24.  From  the  shape  of  the  Fx  vs  X  curve, 
it  can  be  seen  that  for  values  of  X  below  a  certain  limit,  or  above  a  certain 
limit,  the  Hertz  stress  will  rise  to  a  level  equal  to  the  maximum  which  exists 
in  the  single-tooth  contact  zone.  Stresses  in  excess  of  this  level  may  be 
expected  to  produce  damage  before  the  pitch-line  area  is  damaged,  particularly 
since  the  sliding  velocity  at  points  removed  from  the  vicinity  of  the  pitch 
line  is  higher  than  near  the  pitch  line.  Because  of  the  nature  of  the  curve, 
it  is  possible  for  very  high  values  of  stress  to  develop  if  extreme  values  of 
X  come  into  the  load  carrying  region. 

Based  on  this  line  of  reasoning,  it  is  possible  to  establish  a 
criterion,  that  a  gear  is  well  designed  only  if  the  Hertz  stresses  in  addendum 
and  dedendum  regions  are  limited  to  "reasonable"  values  with  respect  to  the 
stresses  in  the  single-tooth  contact  zone.  What  constitutes  a  reasonable  value 
cannot  be  established  on  the  basis  of  available  evidence,  but  an  arbitrary  cri¬ 
terion  may  be  established,  and  explored  in  relation  to  gear  failure  data  to  see 
whether  any  similarity  between  the  criterion  and  failure  results  exists.  The 
criterion  which  has  been  chosen  here,  for  simplicity,  is 

Zs>mZd  (29) 

where 

Zs  =  maximum  Hertz  stress  in  single-tooth  contact 

Z(*  -  maximum  Hertz  stress  in  double-tooth  contact 

m  =  constant  of  proportionality. 

That  is,  the  Hertz  stress  in  double  teeth  contact  should  never  be  permitted  to 
exceed  n  times  the  maximum  single-tooth  contact  Hertz  stress.  In  this  study 
m  has  been  allowed  to  vary  over  a  range,  but  for  simplicity  in  the  development, 
we  shall  fix  the  value  at  m  =  1.  In  later  paragraphs  we  shall  show  the  conse¬ 
quences  of  varying  m.  The  ratio  of  Hertz  stress  at  a  given  transmitted  load 
with  and  without  lead  sharing  is  sj~2,  if  one  adopts  the  assumption  that  lead  is 
shared  eoually  by  the  two  contacts.  Figure  23  shows  a  curve  of 

Ex 

Fx  and  &  ■ 

The  point  representing  the  first  contact  must  occur  on  the  lover  curve.  As  the 
gears  rotate,  the  point  moves  to  the  right,  and  then  jumps  abruptly  to  the 
upper  curve  when  single  teeth  contact  begins.  The  value  of  X  where  the  maximum 
stress  occurs  in  double-teeth  contact  is  designated  X<j,  and  the  point  where  the 
maximum  stress  occurs  in  single-tccth  contact  is  designated  X£.  Cur  criterion 
is  that 
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r*d 

where  is  the  value  of  Fx  at  X  =  X3.  Since 


m  '  2Vxad  -  x*) 


and 


Fxs  '  2VXS(1  -Xa) 
we  can  obtain  by  substitution, 


2VI  Wl  "  *d  2VXS(1  -  Xg) 


(50) 


(3D 


(32) 

(33) 


or 


2^(1 -:Cd)  >xs(i-xs>.  (34) 

If  we  write  this  as  an  equality,  we  define  a  curve  separating  the  acceptable 
values  of  X 3  and  Xs  from  the  unacceptable  or  "forbidden"  values  under  the 
criterion. 


2Xd(l  -  X3)  =  Xs(l  -  Xs). 
Solving  this  equation  for  Xd  ve  obtain 

1  i  Vl  -  2XS(1  -  Xs) 


(35) 


(36) 


A  plot  of  this  equation  on  an  X3  vs  Xs  plane  is  shown  in  Figure  2$.  Any  point 
lying  on  or  between  the  curves  satisfies  the  inequality  in  (34).  Thcs  values 
lying  outside  this  region  are  "forbidden". 

We  must  now  determine  which  gears  produce  contacts  lying  in  these  two 
regions.  This  depends  on  load  sharing  information  obtainable  from  the  curves 
in  Figures  5  through  19.  If  we  are  dealing  with  full  depth  gears,  the  curves 
in  Figures  3  through  11  are  used,  and  the  resulting  information  is  applicable 
to  gears  of  all  diametral  pitches,  and  20°  pressure  angle.  For  8/10  pitch 
22-1/2°  pressure  angle  stub  tooth  gears,  Figures  12  through  19  are  used,  and 
the  information  applies  to  this  gear  geometry  only.  Values  of  X^  are  obtained 
from  the  "Start  of  Contact"  curves  (double  tooth),  and  Xs  from  the  curves 
indicating  the  start  of  single-tooth  contact,  for  each  gear  ratio  and  each 
number  of  teeth.  Thus,  a  point  on  the  X3  vs  Xs  plane  represents  a  certain  gear 
ratio  with  a  certain  number  of  teeth  in  the  gear.  If  we  plot  such  curves  for 
the  20°  full  depth  gears,  at  constant  gear  ratio  we  obtain  Figure  26.  The 
portions  of  these  curves  lying  between  the  two  limit  curves  represent  "permis¬ 
sible  gearsets,  and  those  lying  outside  this  region,  are  "forbidden"  by  the 
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criterion.  The  intersection  of  each  of  these  curves  with  the  limit  of  the 
forbidden  region  establishes  the  limiting  number  of  teeth  at  that  gear  ratio 
which  will  satisfy  the  balanced  stress  criterion.  Another  set  of  curves  can  be 
drawn  through  the  curves  for  various  gear  ratios,  in  which  the  number  of  teeth 
in  the  gear  remains  constant  far  each  curve.  This  is  also  shown  in  Figure  26. 
From  this  figure  one  can  obtain  the  limiting  number  of  teeth  required  for  a 
permissible  gear,  and  construct  a  curve  of  number  of  teeth  vs  gear  ratio.  This 
is  shown  in  Figure  27.  This  curve  goes  through  a  minimum  for  a  1:1  gear  ratio, 
and  is  symmetrical  for  step-up  and  step-down  gearing.  This  curve  shows  that 
for  a  1:1  gearset  the  minimum  number  of  teeth  required  to  keep  the  maximum  stress 
down  to  the  level  existing  during  single-tooth  contact  is  18  teeth.  For  gears 
having  1:2  or  2:1  ratios,  the  minimum  number  of  teeth  rises  to  3^*  The  number 
of  teeth  required  for  3:1  and  1:3  was  not  obtained  because  the  curves  were 
difficult  to  interpret  in  that  region,  due  to  crowding.  However,  by  extrapola¬ 
tion,  one  can  estimate  that  approximately  50  teeth  are  required. 


Figure  28  is  a  plot  of  Xs  vs  Xd  for  the  8/10  pitch  stub  tooth  heli¬ 
copter  gears,  with  a  22-1 /2e  pressure  angle,  constructed  from  Figures 12  through 
19.  For  moderate  sized  teeth,  such  as  are  being  considered  here,  the  second 
number  in  the  diametral  pitch  designation  is  two  higher  than  the  first.  The 
fact  that  there  is  a  constant  difference,  rather  than  a  constant  ratio,  means 
that  the  teeth  of  differing  diametral  pitches  have  not  only  differing  size,  but 
also  differing  shape.  Therefore,  it  is  not  possible  to  represent  all  the 
different  diametral  pitches  by  one  set  of  curves.  The  8/10  pitch  gears  are 
presented  in  these  calculations,  because  this  is  the  pitch  used  in  a  particular 
helicopter  transmission  of  interest,  and  because  it  serves  as  an  illustration 
of  the  difference  from  full  depth  gearing.  Figure  28  is  analogous  to  Figure  26, 
except  that  the  curves  are  more  crowied  so  it  is  not  practical  to  draw  in  the 
curves  of  constant  numbers  of  teeth,  which  were  shown  in  red  in  Figure  26. 


It  can  be  seen  from  Figure  2o  that  the  curves  cross  into  the  "forbidden 
region"  over  a  very  narrow  range  of  from  about  .0 6  to  about  .C8.  The  tech¬ 
nique  for  finding  the  limiting  number  of  teeth  for  these  gears  was  therefore 
different  from  that  used  with  the  full  depth  gears.  A  family  of  curves  for  the 
start  of  contact  was  plotted,  as  shown  in  Figure  29.  On  this  curve,  a  line 
was  drawn  through  the  values  of  X  where  the  curves  in  Figure  28  enter  the 
"forbidden  region".  This  line  is  labelled  m  =  1.  (The  meaning  of  the  line 
labelled  m  =  .8  ’.all  be  explained  presently.)  The  points  where  this  line 
cresses  the  curves  establishes  the  minimum  number  of  teeth  at  each  gear  ratio 
required  to  avoid  the  forbidden  region.  When  these  points  are  plotted  against 
gear  ratio,  one  obtains  the  left  half  of  Figure  30.  The  right  half  is  drawn 
from  considerations  of  symmetry.  The  actual  construction  would  entail  drawing 
the  curves  similar  tc  those  in  Figure  29  for  the  end  contact,  and  drawing  a  line 
across  in  the  region  of  X^  =  .95- 


As  mentioned  earlier,  the  condition  that  the  maximum  stress  at  the 
start  or  end  of  contact  shall  not  exceed  the  maximum  in  the  region  cf  single¬ 
tooth  contact  is  arbitrary.  It  is  likely  that  comparisons  of  these  curves  with 
gear  failure  data,  if  they  do  reveal  that  this  approach  is  valid,  may  indicate 
that  seme  ether  ratio  of  stresses  is  a  more  appropriate  limit.  The  criterion  of 
equal  stresses  was  taken  for  simplicity  in  the  development,  by  setting  n  =  1  in 
the  expression  .  . 

ms  >  m  ^  > 
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This  .led  to  the  equation 


l  "  yi  -  2XS(1  -  xs) 

2 


(38) 


which  is  plotted  in  Figure  25.  If  we  solve  the  problem  while  allowing  m  to 
remain  general,  we  obtain  the  equation 


1  £  V 1  -  2nflC3(l  -  X5) 

2 


(39) 


which  farms  a  family  of  curves  with  m  as  a  parameter,  as  shown  in  Figure  31. 
These  curves  are  symmetrical  in  and  Xs,  with  large  values  of  n  making  the 
curves  approach  the  Xs  axis,  and  small  values  making  them  approach  the  axis. 


The  curves  are  separated  into  two  groups  by  a  degenerate  set  of  curves 
far  the  value  m  =  .707,  which  farm  two  intersecting  straight  lines.  It  is 
obvious  that  X^  can  never  exceed  Xg  far  a  real  pair  of  gears,  and  therefore 
none  of  the  curves  far  values  of  a<  .707  can  have  any  real  significance.  This 
means  that  in  any  set  of  pears  which  will  operate,  the  stress  at  the  start  or 
end  of  contact  must  always  equal  at  least  .707  times  the  maximum  stress  in  the 
region  of  single-tooth  contact.  Any  effort  to  decrease  it  further  would 
prevent  load  sharing,  which  is  essential  to  the  smooth  transfer  of  the  load 
from  one  contacting  tooth  pair  to  the  next. 

We  can  emit  from  the  figure  those  portions  -which  do  not  permit  load 
sharing,  and  if  we  also  realize  the  symmetry  of  the  system,  we  can  emit  half 
the  remainder,  to  obtain  Figure  32.  V/e  may  now  superimpose  the  curves  of  Xs  vs 
X<j  from  Figures  26  and  28  on  Figure  32  to  obtain  the  limiting  number  of  teeth 
for  various  values  of  m,  in  the  full  depth  gears,  and  in  the  stub  teeth  system. 

It  is  not  necessary  for  our  purposes  here  to  go  through  the  actual 
mechanics  of  this  process.  Figures  33.  3^  and  35  give  the  results,  with  which 
we  can  make  several  valuable  comparisons.  Figure  33  shews,  for  n  =  1,  the 
difference  in  the  number  of  teeth  required  for  full  depth  gears  and  for  3/10 
pitch  gears  at  various  ratios  The  fact  that  full  depth  gears  require  mere 
teeth  to  meet  the  balanced  stress  criterion  is  obvious.  Figure  shews  the 
effect,  for  full  depth  gears,  of  varying  the  value  of  n.  The  range  fren  n  =  .3 
to  2  is  covered.  The  difference  between  the  curve  for  m  =  .8  and  m  =  I  is 
substantial.  At  a  1:1.5  ratio,  the  m  =  .8  curve  requires  that  the  gears  have 
about  twice  as  many  teeth.  In  this  region,  in  other  words,  reductions  in  the 
stress  at  start  or  end  of  contact  are  obtained  at  fairly  high  cost,  in  number 
of  teeth.  On  the  other  hand,  permitting  the  value  of  m  to  gc  to  2  dees  net 
permit  much  saving  in  the  number  of  teeth  required,  tut  it  does  permit  high 
stresses  to  d.velcp.  It  thus  appears  that  values  of  m  in  the  neighborhood  of 
1  may  be  the  most  practical  to  adopt.  Figure  55  shows  the  variation  in  the  same 
curves  for  the  8/10  pitch  gears.  For  these  gears  the  effect  of  going  from 
m  «  1  to  a  =  .3  is  small  in  the  neighborhood  of  1:1  gear  ratio,  but  becomes 
larger  as  other  ratios  are  considered.  The  difference  between  m  =  1  and  n  =  2 
is  not  great.  It  appears  here,  as  in  the  consideration  of  full  depth  gears, 
that  a  value  of  s  =  1  cannot  be  far  from  the  best  practical  value. 
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Analysis  of  Helicopter  Gear  Mechanics 
Speed 


Laboratory  gear  tests  have  been  conducted  at  10CO,  1600,  3200,  6400, 
and  12,800  rpzn,  in  order  to  reveal  any  speed  dependent  variations  of  important 
phenomena.  Hie  speeds  of  various  components  in  the  transmission  of  a  typical 
helicopter  gear  box  are  known,  and  a  comparison  with  test  gear  speeds  is 
therefore  possible.  Since  there  are  differences  in  gear  geometry,  a  direct 
correspondence  over  the  entire  tooth  profile  of  sliding  and  rolling  velocities 
between  the  two  systems  does  not  exist;  but  it  is  still  important  to  make 
comparisons  as  well  as  is  reasonably  possible. 

The  helicopter  transmission  we  are  concerned  with  includes  two 
series-coupled  planetary  stages,  in  which  the  sun  of  the  first  stage  is 
normally  driven  at  1690  rpm.  The  planet  cage  of  the  first  stage  drives  the 
sun  of  the  second  stage  at  599  rpm.  The  ring  gears  in  both  stages  are  fixed. 
Since  the  geometry  of  a  planetary  transmission  is  somewhat  more  complex  than 
that  of  a  spur  gear  pair,  these  figures  cannot  be  compared  directly  with  the 
speeds  which  would  exist  if  the  sun  and  planet  gear  of  the  same  number  of 
teeth  were  in  mesh  as  spur  gears.  A  relationship  which  makes  such  a  comparison 
possible  may  be  derived  as  follows: 

The  peripheral  speed  of  the  pitch  circle  of  the  sun  gear  is  given  by 
.  (37) 

2 

Since  the  planet  gears  are  rolling  with  the  same  surface  velocity  where  they 
mesh  with  the  sun  gear,  and  zero  surface  velocity  where  they  mesh  the 
stationary  ring  gear,  their  center  line  speed  is 


CJgPI 


s 


1  • 

4 

The  angular  velocity 

gjsP2s 

u>p  =  — -  ■  ■■■  ■ 

The  angular  velocity 
_  WgPDg 


of  a  planet  gear  can  be  obtained  from 

.  ?£f  _  ws  ^£s 
•  2  2  PDp  * 

with  which  the  cage  rotates  is  given  by 

PDS  +  FDp 

~  2  * 


(33) 


(39) 


(40) 


If  an  observer  turns  with  the  planetary  cage,  he  sees  the  sun  gear  rotating  at 
a  speed  equal  tc  the  difference  between  the  actual  sun  speed  n.nd  the  cage 
speed.  He  regards  the  center  of  each  planet  gear  as  stationary  in  his  frame 
of  reference,  so  he  can  consider  the  sun  and  any  planet  to  be  a  pair  of  spur 
gears  in  mesh.  The  effective  speed  of  the  sun  gear,  then, is 
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or 


Wseff 


WS  “  “  ws 


us  PDs 
2“  H>8"+  p<3^ 


PDs 

2{PDS  +  PDp ) 


seff  ,  1 _  ,lov 

ws  =  1  ~  2(1  +  PDp/PD8)  *  (42) 

In  other  words,  tbs  effective  speed  of  the  sun  gear,  considered  as  a  member  of 
a  spur  gear  pair  is  less  than  its  actual  speed  by  the  ratio  above.  In  order  to 
simulate  the  relations  between  the  sun  and  any  planet,  a  test  gear  rig  should 
be  operated  at  correspondingly  reduced  speed.  Since  this  "speed  factor"  depends 
only  on  the  ratio  of  pitch  diameters,  and  therefore  on  the  gear  ratio,  it  is 
viseful  to  calculate  it  far  a  range  of  gear  ratios  far  future  reference.  Figure 
^6  is  a  plot  of  the  Effective  Sun  Speed  Factor  as  a  function  of  gear  ratio 
over  a  range  of  gear  ratios  from  0.1  to  10.  The  curve  approaches  0.5  for  very 
small  ratios  and  1  for  very  large  ones. 


Far  the  transmission  under  consideration  here,  the  ratio  of  planet 
gear  diameter  to  sun  gear  diameter  is  .4118.  This  corresponds  to  an  effective 
sun  speed  factor  of  ,6458.  Therefore,  the  first  stage  sun  effective  speed  is 

1690  rpm  x  0.6458  =  1091  rpm. 


The  sun  gear  is  in  mesh  with  planet  gears  with  a  gear  ratio  of 


2^5 


2.429  , 


so  the  effective  speed  of  the  planet  gears  is 
2.429  x  1091  =  2650  rpa. 

The  speed  of  the  sun  gear  in  the  second  stage  is  599  rpm,  cr  .35^  x  the  speed 

in  the  first  stage.  Thus  the  effective  speeds  in  the  second  stage  are 

Sun:  1091  x  .3544  =  3 86.6  rpm 

Planet:  2650  x  .3544  =  939*2  rpm. 

Thus,  we  find  that  the  speed  range  involved  in  the  helicopter  transmission 
gears  that  are  pitting  is  from  a  speed  well  below  the  laboratory  test  speeds 
to  a  speed  which  comes  into  the  lower  portion  of  the  test  range. 

Load  and  Stress 


In  an  earlier  section  of  this  report  a  method  vas  presented  for  calcu¬ 
lation  of  Hertz  stresses  in  gears,  and  by  which  the  influence  of  various 
parameters  can  be  easily  visualized.  This  method  will  now  be  applied  to  the 
appropriate  gears  in  the  helicopter  transmission  being  examined  in  this  study, 
and  to  our  test  gears.  The  helicopter  gears  can  be  analyzed  fay  means  of  the 
load  sharing  and  Hertz  stress  curves  calculated  for  8/10  diametral  pitch 
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stub-tcoth  gears  with  22-1/2°  pressure  angle.  The  test  gears  can  be  analyzed 
by  the  use  of  the  curves  for  standard  depth  gears  of  20°  pressure  angle. 

Figure  37  shows  the  power  profile  for  the  helicopter  in  terms  of  the 
percent  of  operating  time  spent  at  each  power  level.  The  calculations  which 
follow  will  be  based  on  the  maximum  power  of  705  hp,  which  is  developed  lOv  of 
the  time.  The  highest  stress  developed  is  much  more  influential  than  any  lover 
stress  on  the  failure.  The  helicopter  develops  625  hp  of  the  time,  and 
this  operating  point  is  also  of  interest  because  operation  at  lower  stresses 
than  the  maximum  may  be  beneficial,  rather  than  harmful,  under  seme  conditions, 
as  will  be  shown  in  a  later  section. 

The  sun  gear  in  the  first  stage  operates  at  1690  rpm.  This  corresponds 
to  a  torque  of  2,190  lb-ft,  at  705  hp.  The  sun  gear  pitch  radius  is  3.1875 
inches.  At  this  radius  the  tangetial  force  summation  transmitted  to  the  planet 
gears  is 


2190  x  12 

3.1675 


=  S230  lb. 


There  are  four  planet  gears  in  the  first  stage,  so  the  force  per  planet  is 


Tp-  *  2050  lb. 


The  calculations  for  the  second  stage  must  take  into  account  the  torque  multi¬ 
plication  of  the  first  stage  and  the  larger  number  of  planet  gears.  This  will 
be  considered  later. 


The  gears  have  a  pressure  angle  of  22-1/2°  so  the  transmitted  force 
along  the  line  of  action  corresponding  to  the  above  tangetial  force  summation 
is 


cos  22-1/2°  ‘  2250  lb’ 

The  gears  have  a  face  width  of  1-1/2  inches.  Therefore,  the  force  per  unit 
width  (F/W)  is 

|  =  |p  =  1^58  lb/inch. 

Figure  22  provides  a  means  of  finding  the  Hertz  stress  at  the  middle  of  the 
line  of  action  for  these  gears.  This  stress  is 


uhere  K2  =  10.293  x  103 
\'?Di(l  +  n) 
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and  can  either  be  calculated  or  taken  from  the  graph.  Since  the  planet  gear 
has  a  pitch  diameter  of  PDj.  =  2.625,  and  the  sun  gear  has  a  pitch  diameter  of 
PD2  «  6.375#  one  can  calculate 


n 


6.375 

27625 


2.4286  . 


From  these  figures  one  obtains 

10.293  x  103 

1(2  =  V2.625  (1  +  2.\286)  = 

Therefore, 

0.5  =  Ke^  =  Ikll-fim  =  152,500  psi  . 


From  the  above  figure  the  Hertz  stress  at  any  point  on  the  line  of 
action  can  be  calculated  by  use  of  Figure  21,  and  with  a  knowledge  of  the 
values  of  X  at  which  loads  are  picked  up  and  shared  by  the  teeth.  This  latter 
information  is  contained  in  Figure  18,  which  gives  the  following  information: 


Contact  begins  .5^57 
Single-tooth  contact  begins  .6574 
Pitch  line*'  .7083 
Single-tooth  contact  ends  .7564 


If  these  points  are  applied  to  Figure  23  we  obtain  Figure  38.  The  values  of 
abscissa  in  Figure  38  can  now  be  multiplied  by  the  value  of  Hertz  stress  ax 
the  middle  of  the  line  of  action,  calculated  above,  to  obtain  the  solid  curve 
in  Figure  40.  The  dashed  curve,  which  represents  the  Hertz  stress  distribu¬ 
tion  for  the  second  stage,  was  obtained  from  the  first  curve.  The  torque 
multiplication  through  the  first  stage  is 

1st  Stage  Sun  rpm  1690  rpm  _  2 

2nd  Stage  Sun  rpm  599  rpm  ’  * 

The  transmitted  load  per  planet  gear  in  the  second  stage  is  increased  in  this 
ratio,  and  decreased  in  the  ratio  of  4/9,  which  is  the  ratio  of  the  number  of 
planet  gears  in  the  first  stage  to  the  nutter  in  the  second  stage.  The  net 
increase  in  transmitted  load  per  gear  in  the  second  stage  is  therefore 

2.66995  x  4/9  *  1.1864  . 

The  Hertz  stress  is  therefore  increased  in  the  ratio  of 
V 1.1664  «  1.0893  - 


al  Listed  for  completeness  only,  this  information  is  not  pertinent  to  the 
present  discussion. 
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The  load  sharing  among  gear  teeth  occurs  in  what  is  referred  to  by 
stress  analysists  as  a  statically  indeterminate  system.  This  means  that  from 
ordinary  calculations  it  is  not  possible  to  calculate  the  percentage  of  load 
carried  by  each  tooth.  The  division  depends  on  the  relative  flexibility  of  the 
teeth  and  gear  hub,  regarded  as  a  mechanical  structure.  Measurements  on  the 
test  gears  indicate  that  the  load  is  not  shared  equally  by  the  contact,  as 
shown  in  Figure  h,  and  it  is  reasonable  to  expect  that  in  the  helicopter  gears 
the  load  sharing  is  likewise  not  equal.  However,  since  no  exact  load  sharing 
information  is  available  for  the  helicopter  gears,  it  has  been  assumed  that  the 
sharing  is  50^  to  each  contact.  In  order  to  keep  all  calculations  on  the  same 
basis,  the  approximation  will  be  introduced  in  the  consideration  of  test  gears, 
that  the  load  sharing  is  also  on  an  equal  basis. 

One  other  approximation  must  be  mentioned  here,  briefly,  although  the 
degree  of  error  introduced  by  it  cannot  presently  be  assessed.  In  the  above 
calculations  it  has  been  assumed  that  all  planet  gears  share  the  load  equally. 
While  this  is  certainly  true  on  the  average,  it  must  be  realized  that  the  same 
conditions  of  static  indeterminacy  apply  to  the  load  sharing  among  gears,  as  to 
load  sharing  among  teeth.  In  a  statically  indeterminate  system  the  load  carry¬ 
ing  member  which  is  most  rigid  carries  the  largest  load.  Whether  a  gear  is 
stiffer  when  in  singLe-tooth  contact  or  in  double-tooth  contact  has  not  been 
determined  in  this  study,  and  the  answer  is  not  immediately  obvious.  However, 
it  is  known  that  the  stiffness  of  any  gear  set  goes  through  maxima  and  minima 
during  rotation.  If  it  should  happen  that  all  the  planet  gears  are  phased  in 
such  a  vay  that  one  gear  is  passing  through  its  maximum  stiffness  while  all  the 
others  are  passing  tlrough  their  minima,  then  this  gear  would  be  more  heavily 
loaded  than  our  calculations  chow,  during  that  portion  of  the  revolution  for 
which  that  condition  continued  to  exist.  While  this  is  an  extreme  condition, 
admitted^,  the  phasing  of  the  gears  to  provide  that  they  all  pass  through  their 
maximum  and  minimum  stiffness  together  is  also  an  extreme  condition,  which  is 
probably  never  realized  in  practice.  This  fact  would  probably  tend  to  make  the 
leads  on  the  teeth  in  their  stiffest  position  statistically  higher  than  those 
calculated  by  taking  an  average  over  the  number  of  gears,  and  the  loads  in 
cheir  most  compliant  position  statistically  lower. 

Test  gears  are  operated  over  a  wide  range  of  loads,  and  it  is  not 
appropriate  to  put  forth  a  "power  spectrum  curve”  as  for  the  helicopter  gears. 
Loads  in  the  testing  program  are  governed  by  the  requirements  of  certain 
standard  tests  and  the  reaction  of  the  lubricants  to  various  lead  conditions. 

The  lead  level  may  vary  from  practically  zero  to  the  full  capacity  of  the  test 
rig.  Loads  are  applied  by  adjusting  a  scale  load,  called  the  ""team  load".  The 
corresponding  transmitted  load  on  the  gears  is  17.7  x  beam  load.  Hertz  stress 
curves  for  10-lb  be.__  load  and  20-lb  beam  lead  are  presented  in  Figure  41.  The 
development  of  these  curves  follows  a  procedure  similar  to  that  for  the  heli¬ 
copter  gears. 

The  Hertz  stress  at  the  middle  of  the  line  of  action  is  obtained  with 
the  aid  of  Figure  20.  At  10-lb  beam  load  the  transmitted  lead  is  177  lb.  This 
is  applied  to  0.1-inch  face  width  of  the  gear  tooth,  so  that  F/W  =  1770  lb/in. 
Since  the  gears  do  not  fall  exactly  on  one  of  the  curves,  it  is  convenient  tc 
calculate  the  value  of  Ki  from  the  expression 
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10.867  x  103 
Kl  =  \PDiCl  +  n) 

’where 

n  =  *  1.1177 

and 

PDj,  =  2.8J33  in 
so 

10.867  x  103 

Xl  =  V 2. 3333  x  2.1177  =  • 

The  ratio  of  Hertz  stress  at  any  point  along  the  line  of  action  to  that  at  the 
midpoint  is  obtained  from  Figure  23*  modified  by  the  lead  sharing  information 
obtainable  approximately  from  Figure  8,  which  applies  exactly  for  1:1  gears. 
Since  our  gears  are  not  exactly  1:1,  we  shall  use  information  calculated 
specifically  for  this  case. 

X 


Contact  begins  .1021 
Single-tooth  contact  beings  .3553 
Pitch  linea'  .^722 
Single-tooth  contact  ends  .531? 
Contact  ends  .  8352 


When  these  figures  are  applied  to  Figure  23,  one  obtains  Figure  59.  Multiply¬ 
ing  the  values  in  Figure  39  by 

KiVfAT. 


where 


Vf/W*  =  ^2.1  , 

produces  the  solid  curve  in  Figure  Ll.  The  dashed  curve  is  produced  by  multi¬ 
plying  by  the  value  cf 

VW  =  59.5  , 

which  corresponds  to  20-lb  beam  load. 

This  calculation  assumes  that  during  load  sharing  the  load  is  taken 
equally  by  the  two  contacts.  Figure  based  on  experimental  data  obtained 
prior  to  this  project,  shows  that  the  actual  load  on  the  gear  teeth  ranges 

a]  Listed  for  completeness  only. 
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6o;:.  However,  since  it  is  desired  tc  compare  the  data  for  the  test 
that  for  helicopter  gears,  for  which  nc  such  comparable  data  are 
it  was  decided  to  place  all  calculations  or.  a  corner  basis  ’ey  intro - 
apprcximatioR  for  the  test  gears  which  was  necessary'  fer  the 
gears.  The  actual  lead  division  is  not  seriously  different  from 
has  been  assumed. 


Comparison  of  Stub-tocth  Characteristics  V’ith  Full  Perth  Teeth 


Figure  42  shows  the  significant  points  along  the  line  of  action  cr. 
a  curve  of  Fx  vs  X  for  the  helicopter  sun-planet  pair.  Figure  b-3  shews  the 
sane  information,  together  with  the  sane  information  for  a  similar  gear  pair 
having  5  D?  full  depth  teeth  instead  of  stub  teeth.  In  addition,  information 
is  presented  shewing  the  relation  of  stress  during  load  sharing  tc  that  in 
sirgle-tcoth  contact.  All  labels  vhicn  are  drawn  below  the  curves  pertain  tc 
3/10  teeth,  while  all  those  above  tne  curves  are  for  8  D?  gears.  The  location 
of  the  arrowheads  indicates  the  shifting  cf  operating  stress  from  the  lower 
curve  tc  the  upper,  and  back  again. 

In  the  S/lC  DP  gears,  contact  begins  later  at  X  =  .5 6cC.  Single- 
tooth  contact  begins  earlier  at  X  =  .6266,  and  ends  later  at  X  =  .775?.  Con¬ 
tact  ends  earlier  at  X  =  .6373*  It  is  evident  from  this  that  the  maximum  Hertz 
stress  reached  cn  the  teeth  is  slightly  higher  for  the  6/10  gears.  Further, 
since  sliding  velocity  is  proportional  tc  (X  -  X-piich  lir.e)>  H  Is  clear  that 
the  sliding  velocity  in  the  8/10  gears  is  appreciably  higher  at  tl  ;ir  point  of 
maximum  stress  than  the  velocity  in  the  6  DP  gears  at  their  point  cf  maximum 
stress.  Thus,  although  the  stub  teeth  operates  with  reduced  sliding  velocity 
at  the  tip  cf  the  addendum  (end  of  contact)  and  provides  increased  teeth 
strength  and  rigidity,  it  results  in  increased  sliding  velocity  at  the  point 
of  maximum  stress.  This  increase  in  contact  severity  occurs  near  the  middle  cf 
the  teeth  profile,  which  is,  of  course,  the  region  in  which  pitting  damage  has 
often  occurred  in  the  field.  It  nay  be  that  the  use  cf  stub  teeth  postpones 
addendum  scoring,  but  it  mum*  impose  ar.  increased  pitting  burden  upon  the 
middle  region  of  the  tooth  face. 

Sour  Gear  Tests  -  Equipment  and  Procedure 

All  spur  gear  tests  wore  carried  cut  in  this  program  by  the  use  cf 
a  high  speed  spur  gear  machine,  which  uses  sets  of  standardized  test  gears  as 
specimens.  A  pair  cf  these  gears  in  mesh  is  shewn  in  Figure  — .  Figure  -o 
is  a  photograph  cf  this  machine.  The  machine  uses  the  usual  four-square 
principle  to  introduce  torque  into  a  closer  loop,  sc  that  large  power  levels 
car.  be  transmitted  by  the  test  gears  without  the  need  for  expending  large 
amounts  of  power  in  operating  the  machine.  This  spur  gear  machine,  however, 
uses  a  somewhat  unusual  method  cf  introducing  the  torque  (lead),  which  it  will 
be  worthwhile  tc  describe. 


The  gearing  system  is  shown  diagrama  tic  ally  in  Figure  ->6.  Power 
input  takes  place  through  the  shaft  at  the  bacx  cf  the  machine,  through  a 
timing  belt.  The  test  gears  are  mounted  cr.  the  two  shafts  which  emerge 
through  the  front  of  the  assembly  into  the  test  chamber.  The  17-tccth  gear 
is  mounted  on  a  shaft  which  is  cclinear  with  the  power  input  shaft,  and  the 
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19-tooth  gear  shaft  is  gear  driven  free  the  power  input  shaft.  The  power  flow 
between  the  17-tooth  gear  shaft  and  the  power  input  shaft  takes  place  through 
a  stub-shaft  which  is  supported,  in  a  roller-tearing  courted  carriage.  This 
stub  shaft  is  coupled  into  the  loop  by  two  gears  of  -unequal  di  are  ter.  When 
the  machine  is  in  the  -unleaded  position  these  gears  are  simply  in  nesh  with 
their  rating  gears.  Leading  cf  the  gears  is  accomplished  by  rotating  the 
carriage  about  the  axis  cf  the  input  shaft  and  17-tooth  gear  shaft.  This 
causes  the  stub  shaft  and  its  gears  to  roll  on  their  rating  gears.  Since  the 
stub  shaft  with  its  gears  are  assembled  into  a  rigid  system,  they  try  to 
rotate  as  a  unit.  However,  the  fact  that  the  two  gears  on  the  stub  shaft  are 
of  different  size  causes  then  to  try  to  rotate  by  different  arcunts.  This 
results  in  the  introduction  cf  deflections  into  all  the  shafts  in  the  loop, 
and  the  development  of  torsion  in  the  shafts.  Ihe  carriage  is  deflected  by  a 
cable,  which  can  be  seen  in  Figure  15,  having  a  spring  scale  in  it.  Ihe  lead 
can  be  applied  or  changed  vdiile  the  machine  is  in  operation,  and  can  be 
observed  at  all  times  on  the  spring  scale,  ,-ny  changes  in  load  which  are 
caused  by  wear  in  the  gear  teeth  can  be  noted  and  compensated  for.  Ihe  pro¬ 
vision  of  a  neans  of  load  adjustment  during  running  cf  the  machine  is  an 
advantage  which  many  four-square  rigs  do  net  have. 

Lubricant  is  pumped  at  the  rate  cf  10  cc  per  second  through  an 
inlet  line  at  the  top  cf  the  test  chamber,  and  it  flows  into  the.  gear  mesh 
from  above.  The  effect  of  varying  the  lubricant  flew  rate  and  inlet  position 
has  been  studied  previously,  and  this  configuration  and  flow  rate  have  teen 
selected  as  standard  conditions  for  tests.  The  effectiveness  of  lubrication 
is  a  function  of  flow  rate,  and  for  low  flow  rates,  increases  in  lubricant 
flow  Improve  the  performance  of  the  gear  /'lubricant  system.  At  seme  flew  rates 
below  10  cc  per  second,  the  curve  flattens  so  that  further  increases  in  flow¬ 
rate  produce  little  additional  benefit.  The  rate  of  1C  cc  per  second  was 
chosen  because  it  is  high  enough  to  make  the  tests  insensitive  tc  miner  varia¬ 
tions  in  flow  rate. 

This  machine  can  be  operated  at  test  pinion  speeds  fren  oOC  rpm  to 
30,000  rpcu  Ihe  speed  rarge  is  selected  by  installation  of  appropriate  drive 
pulley  ratios  between  the  drive  actor  and  the  input  power  shaft.  With  any  ere 
pulley  set  installed,  the  speed  can  then  be  adjusted  by  controlling  the  TC  drive 
motor. 


Test  gears  are  6  DP,  having  17  and  1; 


+  c*. r>o  o*-  n  i  ro  1  " 
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pinion,  1$  =  gear).  Face  width  is  1/**- inch.  The  use  of  an  ccd,  non-ir.tegral 
tooth  ratio  results  in  "hunting  teeth’-  action.  This  means  that  each  tooth 
the  pinion  contacts  each  tooth  cf  the  gear  in  the  course  of  a  test,  ar.d  the 
results  tend  to  be  "averaged  out".  The  effects  cf  minor  errors  ir.  the  teeth 
are  thus  distributed,  so  that  each  tooth  presents  essentially  the  same  picture 
an  the  others.  This  is  in  contrast  to  the  other  machines,  in  which  there  is 
no  hunting  tooth  action,  and  where  all  the  teeth  have  to  be  inspected  :*r  an 
assessment  to  be  made  of  the  damage.  The  presence  of  hunting  tooth  action  nay 
have  ramifications  ir.  the  interpretation  cf  the  data  which  will  be  referred  to 
later. 
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ur  anl 

an  axial  cffsei 


;e  tests  conducted  it  this  program,  the  gears  '.ere  run  '.1th 
it  the  mounting,  sc  that  only  a  per  tier,  cf  the  face  width  was 
used  in  each  test.  This  is  accomplished  by  insertion  cf  precision  made  spacers 
or.  the  shafts  along  with  the  gears,  sc  that  either  the  pinion  or  the  gear  is 
moved  axially  l.lpC”  with  respect  to  its  cate.  Ihis  results  in  an  effective 

This  practice  has  three  advantages 


face  width 


^  1'’ 
- .J  V-.. 


m  tms  program: 


1.  .re  strength  of  the  teeth  remains  the  same,  'rut  the  force 
required  to  produce  a  certain  force  per  unit  width  decreases.  Thus,  tests 


at  high  stress  can  be  conducted  without  danger 
overload. 


tooth  breakage  or  machine 


2.  The  number  cf  tests  which  can  be  run  on  each  gear  is  doubled. 

3.  band  cf  metal  remains  down  the  middle  of  each  tooth  -which  has 
net  been  effected  by  the  tests,  sc  it  is  possible  to  compare  the  damaged  or 
vrcrn  surfaces  with,  fresh  surfaces  on  the  same  teeth. 


By  using  the  offset  gear  mounting,  and  by  using  the  front  and  back 
it  is  possible  to  conduct  four  separate  tests  or.  each  gear  pair. 


:i  eacn  tc 


,-fter  passing  over  the  gears,  the  oil  is  returned  to  a  sump  by 
:y.  Cil  from  the  sump  is  circulated  by  a  gear  rump  through  a  heater  and 
a  coder,  which  are  adjusted  to  bring  the  test  oil  temperature  to  the  desired 
point.  In  all  of  these  tests,  the  temperature  was  111'?. 


..cau-varrvirm  ..acecuty  .ests 


:r.  -can  a  oair 
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of  standard  gears 


.v.  ' 


st  us  sesugr.eo  to  seteruuune  now 
can  sustain  at  a  giver,  steed  without 


mage  iron  scoring.  Ir.  the  conduct  of  such  a  test,  tne  gears  are  nourtes  ur. 


sa 

V  rj  — 


aorur.e  arc  r.r.  :cr  uuve  minutes  at 


1  ~a  r  v-’  T'n  1 


n  luorucatucn  sy  tne  test 


ls  describes  above,  .me  load  us  then  increases  to  a 


*  V  ~r-  -  •- 


,  -I  .  t 


C.  = 


'.o.e  scale  v-  uo  oeam  .oas  ;,  corresponding  :: 


•arsuittes 


uoas.  ar.s  tne  gears  are  run  again  lor  uuve  minutes. _caos  are  increases  u: 
— lb  load  steps  and  run  for  five  minutes  at  each  load  step.  At  the  er.s  cf 
each  five  minute  running  series  the  gears  are  unloaded  by  releasing  the 


:er.suor.  ur.  tne  .casing  cable,  arc 
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.r.e  ICZ  test  schedule  is  rlctte: 


esse  ir.  ::rres  ar.c 
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tne  teens  o:  tne  sriver  iron  the 


.addendum  and  deiendum  are  rated  separately,  essentially  oy  the  r_le  tnat  a  ze 
rating  indicates  that  no  damage  of  the  type  indicated  has  occurred,  and  fcr 
each  unit  of  rating  increase,  2d  of  the  area  is  affected.  Thus,  a  rating  cf 
five  indicates  that  the  entire  area  is  covered  by  the  type  cf  damage  listed. 
The  severity  cf  damage  can  vary,  and  sene  recognition  of  this  is  race  in  the 
ratings  hy  increasing  the  nunbers  slightly  if  the  damage  is  heavy,  or  decrees 
irg  then  if  the  damage  is  light.  This  mst  necessarily  be  done  in  a  coal i tat 
earner  and  one  east  regard  the  ratings  as  descriptive,  rather  than  quar.titati 
In  this  research  p-regran,  all  the  gear  ratings  were  done  by  the  sane  person, 
so  there  is  little  livelihood  of  personal  variations  affecting  the  results. 

The  load  carrying  capacity  tests  are  generally  continued  until  the 
first  evidence  of  scoring  of  the  addendum  of  the  pinion  teeth  is  observed.  T 
load  carrying  capacity  value  assigned  to  the  oil  is  the  load  just  prior  to 
that  at  which  the  first  scoring  was  observed. 

Constant  Lead  Tests 

Tests  vere  conducted  on  some  of  the  lubricants  in  which  the  stepwis 
increasing  leading  schedule  was  not  used,  rot  instead,  a  certain  constant  loa 
was  applied  to  the  gears  after  they  were  brought  op  to  speed.  The  tine 
required  at  constant  load  fcr  either  scoring  or  pitting  damage  to  occur  is 
recorded. 


While  the  load  carrying  capacity  test  is  based  on  the  assumption 


that  a  lubricant  has  a  certain  '’breaking  strength”  or  score  load,  the  c: 
lead  test  is  based  on  the  assumption  that  the  load  carrying  capacity  of 
oil  depends  on  the  lead-time  history'  t.  rough  'which  the  system  has  passe: 
This  test  standardizes  this  history  at  a  constant  loai,  and  the  test  is 


:ne 


•  :T\Zl  i  It  t.S  C -L63LT 


tinted  at  this  load  until  the  gears  fail, 
net  going  to  occur.  Tests  may  last  from  1  minute  to  many,*  hours. 


:  am 


In  actual  preparation  fcr  a  test,  the  steps  are  identical 


followed  in  an  ICC  test.  Gears  are 
is  brought  to  the  tes:  temperature. 


mounted  in  the  same  way,  and  the  Iu‘ 
The  gear  machine  is  then  brought  u; 


the  test  speed  and  held  constant  during  any  one  test.  The  load  is  then 
by  means  cf  the  loading  scale,  but  instead  of  the  stepvise  increasing  1 
schedule,  a  single  Iced  is  applied,  and  this  is  held  until  =  failure  is 
observed.  In  order  to  detect  failure,  the  test  is  interrupted  after  :i 
minutes,  after  tventy-five  minutes,  and  every  half-hour  thereafter.  I 
inspection,  the  same  procedure  and  rating  system  is  used  as  in  the  ICC 
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Figure  53  shows  the  schedul 


with  the  ICC 


inspections  are  irascatec  :  or  to  or  tests  oy  tr.e  sma _ 


plusses.  The  circles  indicate  scorirg.  : 
occur  within  the  limits  of  the  test  period,  an 


some  o:  the  tests,  scoring  d: 
am  _nis  was  mcicateu  oy  an. 


S-I5926 


2k 


Break-In  Tests 


It  was  found,  with  some  of  the  lubricants,  that  higher  loads  could  be 
sustained  after  a  break-in  period.  Several  exploratory  tests  were  conducted  in 
an  effort  tc  determine  how  the  break-in  could  best  be  measured.  These  efforts 
included  running  LCC  type  tests  with  longer  times  at  each  step,  and  various 
ways  of  bringing  the  load  up  in  steps  to  the  level  at  which  constant  load  tests 
could  then  be  run.  By  the  latter  part  of  the  program  a  particular  type  of 
break-in  test  was  found  which  proved  to  give  useful  and  interesting  infcoroation. 
In  this  procedure,  the  loading  steps  from  an  LCC  test  were  duplicated,  but  at 
a  load  one  or  two  steps  below  the  score  load,  the  test  was  continued  at 
constant  lead  for  a  period  of  time  from  a  few  minutes  to  several  hours. 

Following  this  period  of  running,  the  load  was  then  raised  one  step,  and  the 
test  was  continued  until  the  gears  scored.  The  load  program  for  this  type  of 
test  is  shown  in  Figure  5k  together  with  an  LCC  test,  *Aich  is  shown  far 
comparison.  At  each  speed,  several  break-in  tests  were  conducted  in  which  the 
time  spent  at  the  "break-in"  lead  was  varied,  and  the  time  to  failure  at  the 
"failure  lead"  was  measured.  The  results  of  these  tests  are  presented  in 
Figures  6l  through  71. 

Spur  Gear  Results 


Gear  tests  were  run  on  several  oils  and  over  a  range  of  speeds,  as 
shown  in  the  following  chart.  The  oils  were  selected  primarily  because  of 
their  applicability  to  helicopter  gearbox  lubrication.  The  lubricants  will  be 
designated  by  their  Mil  Spec,  tuahtrs  only: 


MIL-L-7SC6  c 

1000  rpn  !  1603  rpc  !  3200  rpm 

6iX  rpc 

12,800  rpc 

1  LCC3)  CLb) 

LCC 

MLL-L-78C6  D 

i  LCC  | 

_ t _ _ 

LCC  CL 

LCC 

MIL-L-7806  E 

!  LCC  CL  !  LCC  CL  BICM  LCC  BI  CL 

LCC  CL 

{  MIL-L-21260  I  LCC  BI  j  LCC  CL  !  LCC  CL  j  LCC  CL 

!  Grade  (2)  j  j  BI  '  BI  j  BI 


a)  LCC  =  Lead  Carrying  Capacity  lest, 
t)  CL  =  Constant  Lead  Test, 
c)  BI  =  Break-in  Test. 


The  notations  in  the  boxes  indicate  that  tests  of  the  type  indicated  were 
conducted  for  that  lubricant  at  the  speed  indicated.  The  first  tests  were 
conducted  on  a  KIL-L-72C6  C  lubricant  but  the  pro  gran  was  shifted  to  a  7So5  B 
lubricant  as  seen  as  it  was  obtained,  since  this  was  considered  tc  be  cf 
greater  interest.  Turing  the  second  half  cf  the  pro  gran,  a  MLL-L-7cCc  E 
lubricant  was  fully  explored,  and  finally  the  MJL-L-2126C  -was  investigated  as 
fully  as  time  permitted.  A  modification  of  the  gear  machine  was  required  to 
permit  running  at  steeds  below  l6C0  rpc,  and  this  was  made  late  in  the  program, 
so  that  only  the  MH-L-2163  was  studied  at  1CCC  rpc.  It  would  have  teen 
useful  tc  study  the  7S08  D  and  E  lubricants  at  lower  speeds  also,  but  the 
information  relating  tc  the  speed  ranges  of  the  helicopter  transmissions  was 
not  received  early  enough  tc  permit  this. 
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Load  Carrying  Capacity  Tests 

Figure  47  is  a  typical  load  carrying  capacity  curve  far  a  mineral  oil. 
It  has  been  included  here  to  illustrate  the  nature  of  such  a  curve,  and  to  show 
vbat  might  be  expected  of  the  curves  developed  in  this  program  if  the  speed 
range  were  extended.  In  the  low  speed  range  scoring  becomes  difficult  or 
impossible,  because,  with  low  sliding  velocities,  the  contact  temperatures 
cannot  approach  the  melting  temperature  of  the  metal.  The  curve  therefore  goes 
up  very  steeply  in  this  range.  The  data  in  this  program  essentially  cover  the 
medium  speed  range,  yhich  is  characterized  by  a  decreasing  load  carrying 
capacity  with  increasing  speed.  The  high  speed  range  is  characterized  by  an 
upturn  in  the  curve;  this  was  not  reached  far  the  oils  studied  in  this  program, 
for  which  the  data  are  presented  in  Figures  48  through  52.  The  load  carrying 
capacity  of  the  MIL-L-7808  C  oil  u as  measured  at  only  two  speeds  before  the 
testing  of  this  oil  was  discontinued.  The  data  are  shown  in  Figure  46,  there 
it  can  be  seen  that  it  is  approximately  530  -  35  at  3200  rpa,  and  k6o  -  35  at 
6400  rpa.  The  spread  in  the  data  represents  a  difference  of  one  load  step 
tfcich  is  at  the  level  of  reproducibility  of  the  test  equipment.  The  slope  of 
the  straight  line  representing  these  data  is  such  that  a  reduction  of  one  load 
step,  70.7  lb  transmitted  load,  occurs  far  a  doubling  of  the  speed.  Figure  49 
shows  the  data  for  load  carrying  capacity  vs  speed  far  a  MLL-L-7808  D  oil,  for 
a  range  of  speed  from  1600  rpa  to  12,600  rpo.  The  load  carrying  capacity 
varies  from  approximately  600  lb  transmitted  load  at  1600  rpa  to  approximately 
150  lb  transmitted  load  at  12,800  rpa.  The  slope  of  the  line  corresponds  to 
140  lb  transmitted  load  per  doubling  of  the  speed.  Figure  50  shows  the  data 
for  a  MELri-78o6E  oil.  The  scatter  in  the  data  here  is  greater  than  with  the 
other  oils,  and  in  fact,  it  is  so  great  that  one  could  reasonably  draw  a  line 
through  the  data  parallel  to  the  speed  axis,  as  though  the  load  carrying 
capacity  were  independent  of  speed,  vith  a  value  of  360  lb  transmitted  load. 
However,  the  measurement  at  1600  rpm  was  duplicated,  and  all  otter  data 
indicate  that  the  load  carrying  capacity  must  drop  with  increasing  speed  in 
this  range.  The  line  representing  the  data  has  been  drawn  with  >.  slope  corre¬ 
sponding  to  110  lb  transmitted  load  per  speed  doubling.  The  data  for 
HEL-L-21260  (Grade  2)  are  shown  in  Figure  51.  The  load  carrying  capacity  at 
1000  rpa  is  780  lb  transmitted  load,  and  this  drops  to  approximately  210  lb  at 
6400  rpa.  The  slope  of  this  curve  corresponds  to  220  lb  per  speed  doubling. 
These  curves  are  shown  together  in  Figure  52,  where  it  can  be  seen  that 
MIlr-L-7806  C  has  the  highest  load  carrying  capacity  and  the  least  drop-off 
with  speed  of  the  lubricants  tested.  MIL-L-21260  (Grade  2)  has  the  lowest 
load  carrying  capacity  over  most  of  the  speed  range,  and  the  highest  slope. 
Therefore,  this  lubricant  exceeds  the  others  in  lead  carrying  capacity  at 
speeds  below  1600  rpa,  which  is  the  range  of  interest  in  the  helicopter  gears. 
This  fact  is  important;  oils  should  not  be  judged  for  service  in  one  speed 
range  on  the  basis  of  experience  in  another  speed  range. 

Constant  Load  Tests 

Data  far  Constant  Load  tests  for  HH-L-78C8  C  oil  vith  gears  running 
at  3200  rpm  are  shown  in  Figure  55 »  Scoring  of  the  pinion  addendum  is 
represented  by  circular  data  points,  while  gear  addendum  scoring  is  represented 
by  diamonds.  The  gear  addendim  generally  scares  earlier,  a  fact  which  is 
evident  in  this  graph,  and  tdiich  is  observable  in  most  of  the  data  obtained. 
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A  straight  line  has  been  drawn  through  the  data  points  with  a  slope  correspond¬ 
ing  to  a  decrease  of  about  24.7  lb  transmitted  load  per  doubling  of  life.  This 
slope  is  not  great,  and  it  is  difficult  to  determine  accurately,  because  of  the 
fact  that  the  changes  in  score  load  are  of  the  order  of  the  reproducibility  of 
the  equipment.  The  lead  carrying  capacity  from  the  previously  described  tests 
is  shown  on  this  graph  as  a  dashed  line. 

Figures  56  through  58  show  the  data  obtained  for  KIL-L-7808  D  oil  at 
1600  rpm  through  12,  $00  rpo.  The  curve  at  6400  rpm  is  based  on  the  largest 
number  of  tests,  and  it  is  considered  reliable.  At  12,800  rpo,  only  one  test 
was  conducted,  and  the  curve  was  drawn  with  the  same  slope  as  at  6400  rpm.  Ihe 
data  at  1600  rpo  are  not  sufficient  in  themselves  to  justify  the  curve  which 
has  been  drawn  through  than,  but  in  connection  with  the  other  data,  it  is 
considered  reasonable  to  draw  such  a  curve.  Again,  the  slope  has  been  matched 
to  that  obtained  for  6400  rpm.  Ho  data  were  obtained  at  3200  rpo  for  this  oil . 
and  therefore,  a  curve  for  this  oil  at  this  speed  must  be  obtained  by  estima¬ 
tion  from  the  other  oils.  The  family  of  curves  for  this  oil  is  shown  in 
Figure  59«  The  curve  for  6400  rpo  has  been  drawn  as  a  solid  line,  to  indicate 
its  greater  reliability  than  the  others.  The  other  curves  have  been  drawn  as 
dashed  lines,  to  indicate  their  dependence  cn  the  former. 

Break-In  Tests 


Figure  60  shows  the  effects  of  eight  different  tests  on  MtL-L-7808  E 
oil  at  1600  rpo,  including  three  LCC  tests,  and  five  constant  load  tests.  The 
load  schedule  is  shown  here,  on  a  load  vs  time  plane.  The  lead  carrying 
capacity  test  appears  as  a  staircase,  with  Ihe  failure  point  at  its  end.  In 
this  case,  one  test  produced  a  failure  at  350  lb  transmitted  load,  and  two 
tests  indicated  a  score  load  of  640  lb  transmitted  lead.  Constant  load  tests 
at  490  lb  and  530  lb  both  produced  immediate  scoring.  Further  constant  load 
tests  at  350  lb  and  420  lb  did  not  produce  scoring  in  a  period  of  360  minutes. 
This  behavior  tends  to  discredit  the  single  score  lead  determination  at  350  lb 
and  add  additional  confidence  in  the  duplicate  points  at  640  lb.  This  fact  is 
specifically  mentioned,  because  the  curve  in  Figure  50  of  score  load  vs  speed 
has  been  drawn  to  favor  the  640  lb  value. 

These  data  are  not  wholly  consistent  with  the  constant  lead  vs  life 
concept,  since  constant  loads  above  about  450  lb  produced  immediate  failure, 
while  those  below  did  not  produce  failure  in  six  hours  of  running.  Thus,  one 
cannot  easily  construct  a  relationship  between  life  and  load.  On  the  other 
hand,  one  can  see  that  the  standard  LCC  value  is  repea tably  higher  than  the 
constant  load  the  gears  can  sustain.  Inasmuch  as  the  LCC  test  inherently 
provides  a  break-in  schedule,  by  virtue  cf  the  stepwise  running  at  increasing 
loads,  it  appears  logical  to  look  into  the  effect  of  break-in  cn  the  gear-oil 
performance  in  a  more  general  way. 

Figure  6l  presents  data  obtained  with  the  sane  oil  at  3200  rpm.  The 
LCC  test  " staircase r  can  be  seen  at  the  left,  ending  at  350  lb  transmitted 
load.  A  constant  lead  test  at  this  level  produced  i mediate  scoring.  One 
constant  lead  test  one  step  lower,  at  320  lb  also  produced  imediate  scoring, 
while  another  did  not  produce  scoring  after  240  hours.  A  constant  load  test 
at  28C  lb  did  not  produce  scaring  after  3^0  hours.  This  indicates  that  the 
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limit  of  load  carrying  capacity  for  constant  loads  lies  at  about  320  lb.  Belov 
this  level  the  gears  appear  to  be  able  to  rue  indefinitely  without  damage. 

This  information,  in  itself,  does  not  particularly  suggest  much  break-in 
sensitivity,  since  the  limit  far  constant  load  lies  at  approximately  the  same 
level  as  the  standard  LCC  value.  However,  as  an  exploratory  test,  a  load  of 
180  lb  transmitted  load  was  applied  far  65  minutes,  followed  by  stepwise 
increasing  leads  in  increments  of  half  the  value  used  in  the  LCC  test,  or  33 
lb  transmitted  load  per  step.  The  initial  load  was  selected  because  it  was 
well  below  that  tfcich  in  constant  load  tests  had  not  produced  damage.  This 
loading  program  is  shown  in  the  figure,  and  it  can  be  seen  that  it  resulted 
in  an  increase  in  score  load  to  630  lb  ihich  is  almost  double  the  standard 
LCC  value. 


At  6400  rpm,  as  shown  in  Figure  62  various  efforts  were  made  to 
discover  the  interrelation  between  the  LCC  test,  the  behavior  at  constant  load, 
and  the  effect  of  break-in.  A  standard  LCC  test  resulted  in  a  value  of  330  lb. 
Constant  load  tests  indicated  that  a  limit  exists  at  about  180  lb,  as  shown 
by  the  fact  that  at  this  level  the  transition  occurs  between  i  mediate  scaring 
and  indefinite  life  (tests  out  to  6  hours).  Only  one  constant  load  test,  at 
about  143  lb  resulted  in  a  measureable  life,  thirty-five  minutes.  These  data, 
again,  do  not  support  the  construction  of  constant  load  vs  life  curves.  Two 
tests  were  conducted  starting  at  ?0.7  lb  transmitted  load,  and  increasing  in 
five-minute  steps  equal  to  b*lf  the  standard  LCC  value,  or  33  lb  per  step, 
these  resulted  in  failures  at  320  lb  and  390  lb,  which  bracket  the  standard 
LCC  value.  A  test  which  started  at  33  lb,  and  increased  in  17-1/2  lb  steps 
resulted  in  a  failure  load  of  480  lb,  which  is  the  highest  load  carried  by 
this  oil  at  this  speed.  A  test  in  which  constant  loads  of  110  lb  and  140  lb 
far  one  hour  each,  followed  by  increasing  loads  in  35-lb  steps  of  five  minutes 
each  resulted  in  a  failure  at  425  lb.  Thus,  certain  kinds  of  break-in 
procedure  definitely  have  the  effect  of  increasing  the  load  at  which  the  gears 
score.  However,  one  test  also  indicated  that  there  is  a  fatigue  sensitivity 
involved  in  these  effects.  In  this  test,  the  load  was  increased  along  a 
"staircase"  with  steps  of  35  lb,  starting  at  70.7  lb,  with  five  minutes  at  each 
step.  At  260  lb  the  load  was  sustained  far  210  minutes.  A*  320  lb  the  load 
was  sustained  far  150  minutes.  The  load  was  then  increased  to  350  lb,  and 
failure  resulted  after  thirty  minutes.  The  fact  that  failure  occurred  after 
a  delay  indicates  that  there  is  a  time  dependence  of  scoring,  even  in  the 
presence  of  break-in.  This  is  probably  a  fatigue  effect,  as  discussed  else¬ 
where  in  this  report. 

Figure  63  shows  LCC  and  break-in  test  data  for  a  KEL-L-2126©  (Grade 
2)  oil  at  1000  rpm.  The  LCC  test  program  is  shewn,  ending  in  scaring  failure 
at  850  lb  transmitted  load.  The  other  data  show  the  effect  of  break-in  at  a 
loed  two  steps  below  the  score  load.  The  load  was  increased  along  the  normal 
LCC  "staircase"  up  to  707  lb  transmitted  loed,  ard  then  held  at  this  level  for 
various  lengths  of  time,  after  which  it  was  increased  one  load  step,  to  771  lb. 
Tty*  tests  were  continued  to  failure  at  this  level.  It  can  be  seen  that  running 
at  the  "break-in"  loed  far  120  minutes  resulted  in  survival  of  the  gears  at  the 
"failure"  level  far  30  minutes. a)  Increasing  the  time  at  the  "break-in"  level 

al  w Break-in  level*  shall  be  defined  as  that  constant  load  one  step  below  the 
test  to  failure.  "Failure  level"  shall  be  defined  as  that  constant  lead 
at  which  the  gears  are  operated  after  break-in,  until  they  fail. 
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to  just  under  200  minutes  resulted  in  very  large  increases  in  life  at  the  next 
load  step.  These  results  are  plotted  in  Figure  67  where  it  is  shown  that  there 
appears  to  be  a  ma-rimm  in  the  beneficial  effect  of  running  at  the  break-in  load. 
However,  since  no  data  were  obtained  at  this  speed  far  the  decreasing  side  of 
the  curve,  this  has  been  shown  as  a  dashed  curve,  merely  to  suggest  its  presence. 
Data  far  other  speeds  will  be  shown  presently  to  support  this. 

Figure  64  shows  the  data  for  a  MH-L-21260  (Grade  2)  oil  at  1600  rpta. 
Three  ICC  bests  are  shown  in  which  score  loads  of  630  lb,  705,  '-jd  78O  lb  were 
obtained.  Constant  load  tests  at  620  and  705  lb  resulted  in  failure  as  soon  as 
the  lead  was  applied.  The  gears  were  not  run  for  even  one  five-minute  period. 

No  constant  load  tests  were  conducted  at  lighter  loads  as  with  the  previous  oils; 
instead  the  effect  of  break  in  was  investigated.  In  each  test,  the  schedule  of 
the  load  carrying  capacity  test  was  followed  up  to  570  lb.  This  load  was 
sustained  far  various  lengths  of  time,  as  shown  in  the  graph,  and  then  raised 
to  630  lb.  In  four  of  the  tests,  failure  occurred  at  this  level  after  delays 
which  ranged  from  five  minutes  to  over  300  minutes.  Figure  68  shows  the  rela¬ 
tion  of  time  spent  running  at  566  lb  to  time  survived  at  630  lb.  The  first 
point  on  the  curve  is  obtained  frem  one  of  the  LCC  tests,  in  which  the  normal 
schedule  provides  5  minutes  at  566  lb,  and  in  tiiich  failure  resulted  during  the 
next  load  step.  The  last  point  on  the  curve  was  obtained  by  running  the  test 
at  566  lb  until  failure  occurred,  which  corresponds  to  zero  minutes  at  the  next 
load  level.  It  can  be  seen  that  a  very  high  maxi  pm  exists  in  the  curve.  In 
the  neighborhood  of  75  to  100  minutes  at  566  lb,  the  time  to  failure  at  630  lb 
goes  to  a  very  high  maxi  aim. 

In  some  of  the  tests,  the  load  was  raised  to  a  level  still  higher  than 
630  lb  before  failure  resulted.  Figure  64.  These  tests  cannot  be  plotted 
exactly  on  Figure  68  since  the  time  to  failure  was  not  reached  at  the  failure 
load.  However,  one  can  see  that  these  tests  represent  points  arrived  at  by  the 
gears  without  failure.  The  data  are  consistent  with  the  curve  drawn  in  Figure  68 
and  are  shown  on  the  graph  as  arrows,  pointing  in  the  direction  where  the  points 
must  lie. 


Figure  65  shows  the  break-in  data  for  MIL-L-21260  (Grade  2)  at  3200 
rpm,  and  an  LCC  test.  The  scare  load  obtained  from  the  LCC  test  was  430  lb 
transmitted  load.  A  constant  load  test  at  350  lb  resulted  in  scaring  during  the 
first  five  minutes.  Several,  seme  what  rardem  loading  schedules  were  also  tried, 
resulting  in  a  range  of  loads  from  320  to  425  lb.  Since  there  is  always  some 
scatter  in  gear  data  of  this  type,  it  is  difficult  to  be  certain  that  the 
differences  are  due  to  the  variables.  However,  certain  notable  differences 
should  be  pointed  cut.  Point  C  was  reached  by  doubling  the  time  spent  at  each 
load  step  of  an  otherwise  normal  LCC  test.  This  resulted  in  a  reduction  in 
scare  load  of  one  step.  However,  when  the  time  spent  at  the  preceding  step, 

280  lb  was  extended  to  thirty  minutes,  it  became  possible  to  run  far  210  minutes 
at  350  lb,  without  damage,  and  even  to  go  up  to  point  E  before  scoring  occurred. 
In  one  test,  the  initial  load  of  175  lb  was  held  for  thirty  minutes,  and  then 
the  load  was  increased  in  small  steps  until  320  lb  was  reached.  At  this  level 
the  test  was  continued  until  scoring  occurred  at  point  D.  Point  F  was  reached 
by  following  the  same  schedule  up  to  280  lb,  and  holding  this  level  for  l30 
minutes.  The  schedule  shown  after  that  was  followed  up  to  point  F,  which  lies 
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off  the  graph  to  the  right,  at  690  minutes.  Thus,  in  the  tests  terminating  in 
points  E  and  F,  the  gears  were  able  to  operate  for  long  periods  at  350  lb 
without  failure,  Wiile  in  other  tests  failures  occurred  at  lover  levels  or  at 
this  level  in  short  times. 

Figure  66  shows  the  break-in  data  and  an  LCC  test  for  the  same  oil  at 
6400  rpm.  In  this  series  the  tests  were  organized  around  the  idea  of  measuring 
the  effect  of  operation  at  one  load,  somewhat  below  the  level  of  an  LCC  score 
load,  on  the  survival  at  the  next  higher  load  step.  Two  LCC  tests  were  con¬ 
ducted,  as  shown,  resulting  in  score  loads  of  280  lb  and  355  lb.  A  single 
constant  load  test  at  280  lb  showed  that  some  break-in  was  necessary  for 
survival  at  this  load.  The  gears  scored  within  the  first  five  minutes.  Loads 
were  raised  along  a  "staircase"  schedule  to  210  lb  and  held  at  this  level  for 
various  lengths  of  time  before  being  raised  to  the  next  level  of  280  lb.  The 
survival  times  at  280  lb  go  through  a  maximum  in  the  neighborhood  of  100 
minutes  break-in,  but  this  maxi  mm  is  not  as  high  as  those  noted  at  1000  rpm 
and  1600  rpm.  The  curve  in  Figure  69  shows  the  relation  between  break-in  time 
at  212  lb  and  survival  time  at  283  lb.  In  one  test  the  load  was  not  raised  to 
283  lb  and  the  gears  were  run  until  failure  at  the  break-in  load.  This  took 
540  minutes  at  that  load.  This  point  is  plotted  as  having  zero  survival  time 
at  283  lb. 


If  the  curves  of  survival  time  vs  break-in  +ime  are  grouped  together, 
Figure  70  is  obtained.  It  appears  frcm  these  data  that  the  peak  shifts  to  the 
left  and  drops  as  the  speed  increases.  The  number  of  revolutions  in  a  given 
time  is  proportional  to  the  speed,  so  this  may  be  a  factor  which  may  tend  to 
combine  these  curves  into  ore.  If  one  plots  the  data  in  terms  of  number  of 
revolutions  of  break-in  vs  number  of  revolutions  survived  at  the  next  higher 
load  step,  one  obtains  Figure  71.  It  can  be  seen  that  the  data  far  1000  rpm 
and  1600  rpo  can  he  reasonably  well  represented  by  one  curve,  which  has  a  very 
high  peak  at  about  200,000  revolutions.  The  data  for  6400  rpm  definitely  fall 
on  a  different  curve,  whose  peak  falls  at  about  600,000  revolutions  and  is  much 
lower.  This  may  mean  that  the  data  divide  into  two  groups:  the  low-speed 
range,  represented  by  the  1000-1600  rpm  curve,  and  a  high-speed  range,  repre¬ 
sented  by  the  6400  rpm  curve.  However,  the  speed  separation  between  1000  rpm 
and  1600  rpm  is  not  great,  and  the  natural  scatter  in  the  data  may  mask  the 
difference  between  two  curves  far  these  two  speeds.  If  this  is  the  case,  then 
a  family  of  curves  with  speed  as  a  correlating  parameter  most  likely  is 
necessary  to  represent  this  effect.  It  is  unfortunate  that  data  in  this  form 
at  3200  rpm  were  not  obtained,  because  this  would  probably'  resolve  this 
question. 

Rotary  Contact  Simulator  Tests 

This  machine  makes  it  possible  to  simulate  with  mathematical  pre¬ 
cision  the  contact  conditions  existing  at  any  selected  point  in  a  pair  of 
gears.  It  does  this  by  revolving  against  each  other  a  pair  of  disks  having 
the  same  radii  of  curvature  as  the  radii  of  curvature  of  the  gear  teeth  at  the 
point  in  question.  A  pair  of  such  simulator  specimens  is  shown  in  Figure  72 
in  the  same  relation  to  each  other  as  they  would  have  if  mounted  in  the  machine. 
Each  of  these  specimens  would  be  gripped  along  its  hub  by  a  collet,  and 
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revolved  about  its  axis  at  a  predetermined  speed.  This  produces  a  combination 
of  rolling  and  sliding  at  the  contact  point  which  duplicates  that  existing  at 
the  point  between  gear  teeth  being  simulated.  Lubricant  is  pumped  in  a  stream 
over  the  disks. 

Before  going  further  into  the  mechanical  construction  details  of 
this  machine,  let  us  explore  the  basis  for  simulation  so  that  the  validity  of 
this  approach  will  be  clear,  and  so  some  differentiation  between  this  and  other 
rigs  can  be  pointed  out.  In  the  contact  point  between  two  gear  teeth  the 
conditions  can  be  thought  of  as  falling  into  two  categories:  imposed  and 
dependent.  The  imposed  conditions  are  those  which  are  determined  from  without 
either  by  the  person  operating  the  gears  or  by  the  designer  of  the  gears. 
Imposed  conditions  include  environment  temperature,  load,  speed,  radius  of 
curvature,  surface  finish,  etc.  Dependent  conditions  are  those  which  arise  as 
a  result  of  the  action  or  interaction  of  the  imposed  conditions.  These  would 
include  lubricant  film  thickness,  surface  temperature,  wear  rate,  and  so  on. 

It  can  be  seen  that  if  all  the  imposed  conditions  of  a  set  of  gears 
ware  duplicated  exactly,  then  all  the  dependent  conditions  would  naturally 
arrange  themselves  to  duplicate  those  of  the  gears.  This  is  true,  even  though 
the  experimenter  does  not  understand  the  mechanisms  fully  which  lead  to  the 
dependent  conditions,  and  it  includes  even  those  dependent  conditions  the 
experimenter  may  be  unaware  of.  This  is  an  essential  point  to  be  appreciated 
in  the  study  of  any  system  which  is  not  fully  understood.  This  makes  it 
possible  to  discover  facts  about  the  system  from  observation  of  the  simulating 
system  without  having  to  question  what  mysterious  parameters  may  have  been 
upset  in  the  process  of  creating  the  simulation. 

At  this  point  one  may  ask  why  one  bothers  to  simulate  gears  at  all, 
when  the  actual  gears  are  available  for  study,  and  can  be  examined  for  the 
same  effects  which  have  been  so  carefully  reproduced  in  the  disks.  There  are 
several  answers  to  this.  The  contact  conditions  along  the  surface  of  a  gear 
tooth  are  different  at  all  points.  Sliding  goes  from  a  high  positive  value 
at  one  end  of  the  tooth  to  a  high  negative  value  at  the  other,  passing  through 
zero  at  the  pitch  line.  The  Hertz  stress  goes  through  a  minimum  at  the  middle 
of  the  line  of  action,  with  respect  to  a  fixed  tooth  load,  but  the  tooth  load 
is  not  constant  over  the  whole  tooth,  since  it  is  affected  by  load  sharing. 
Thus,  each  element  of  the  tooth  surface  exists  in  a  complex  gradient  of 
several  variables.  In  order  to  understand  how  the  running  of  the  gear  has 
affected  the  tooth  surface,  the  experimenter  should  have  a  large  enough  sample 
of  homogeneous  surface  to  examine  with  confidence.  In  a  gearset,  rigorously 
speaking,  he  has  none.  If  one  neglects  the  gradients,  and  examines  a  small 
region,  one  is  still  forced  to  draw  conclusions  about  a  very  small  region  and 
generalize  from  them.  Some  effects,  such  as  pitting  and  cracking,  are  statis¬ 
tical  in  nature.  If  one  subjects  a  large  area  to  identical  conditions,  one 
sees  that  bits  of  damage  occur  here  and  there.  But  if  one  has  a  very  tiny 
section  out  of  the  area  to  examine,  one  may  or  may  not  look  at  a  bit  of  damage 
in  any  given  case.  It  would  be  very  difficult  for  even  a  trained  observer  to 
state,  far  example,  that  certain  conditions  generally  lead  to  cracking,  if  he 
had  to  reach  this  conclusion  by  observing  small  pieces  of  surface,  which 
occasionally  contained  cracks.  The  Contact  Sisula tor  creates  a  hcmcgenecus 
sample  of  surface  entirely  around  the  disk  which  exhibits  the  characteristics 
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of  the  point  on  the  gear  tooth  under  study.  It  is  easy  to  recognize  effects 
when  they  are  produced  in  this  way. 

A  second  factor  is  the  ease  of  observation.  Gear  teeth  are  difficult 
to  observe  with  a  microscope,  especially  when  the  gears  are  still  mounted  in 
the  test  rig,  because  of  problems  of  controlling  the  lighting,  and  because  the 
surfaces  are  curved  at  a  disadvantageous  angle  and  somewhat  masked  by  other 
teeth.  The  fact  that  disk  specimens  can  be  observed  normally,  or  at  any  desired 
angle,  and  can  be  illuminated  with  relative  ease  makes  the  accurate  classifica¬ 
tion  of  surface  effects  much  easier.  Under  the  category  of  observation,  one 
might  include  photography.  As  will  be  soovn  later,  a  method  of  photography  of 
the  disks  is  available  which  reveals  surface  irregularities  very  plainly.  This 
technique  has  been  valuable  in  determining  the  type  of  damage  on  the  disks. 

This  method  is  inapplicable  to  gears. 

A  third  advantage  of  the  use  of  the  contact  simulator  is  the  elimina¬ 
tion  of  the  effects  of  gear  geometry  errors.  In  any  gear,  there  are  errors  such 
as  eccentricity,  involute  profile  error  ana  tooth  spacing  error.  These  errors 
have  been  reduced  to  a  practical  minimum  in  our  test  gears,  but  they  can  never 
be  wholly  eliminated.  In  addition,  elastic  tooth  deflections  under  load  cause 
changes  in  the  relation  of  the  surfaces  entering  contact,  so  that  interference 
may  result.  It  is  easier  to  make  a  pair  of  disks  accurately  than  a  pair  cf 
gears,  because  the  surface  is  a  simple  cylinder.  Eccentricity  is  more  serious 
if  it  occurs  in  the  Rotary  Contact  Simulator  than  in  the  Gear  machine,  because 
it  changes  the  shaft-to-shaft  distance  during  each  revolution.  This  requires 
the  acceleration  of  the  mass  of  the  carriage  through  which  the  leading  is 
applied,  and  this  could  result  in  fairly  high  forces  being  superimposed  on  the 
load.  The  advantage  of  the  Contact  Simulator  is  that  these  errors  can  be 
reduced  to  negligible  proportions  with  care,  while  the  production  of  gears 
without  errors  is  practically  impossible,  aid  the  elimination  cf  tooth  deflec¬ 
tions  is  actually  impossible. 

Mathematical  Basis  of  Simulation 

As  mentioned  earlier,  if  all  the  imposed  conditions  existing  in  gears 
are  matched,  the  dependent  conditions  must  also  be  matched.  The  matching  of 
some  of  the  imposed  conditions  is  intuitively  obvious;  the  lubricant  composition 
and  bulk  temperature  oust  be  the  same  in  the  two  systems,  and  the  metallurgy  of 
the  specimens  mast  be  the  same.  It  is  fairly  obvious  that  if  the  radii  of 
curvature  and  lead  are  matched,  the  Hertz  stress  and  contact  width  will  also 
match.  But  what  conditions  must  be  met  in  order  that  sliding  velocity,  rolling 
velocity,  time  of  contact,  time  out  of  contact,  contact  frequency,  are  matched? 

The  movement  of  surfaces  of  two  gear  teeth  can  be  analyzed  in  terms 
of  the  diagram  in  Figure  1,  with  certain  modifications.  Figure  73  has  teen 
derived  from  Figure  1  to  facilitate  the  discussion  which  follows.  Since  ve  are 
now  interested  in  the  details  of  movement  of  the  surfaces  in  the  neighborhood 
of  the  contact  point,  the  base  circles  and  addendum  circles  have  been  eliminated 
from  the  figure.  The  same  arbitrary  contact  point,  C,  has  been  retained  and 
attention  is  directed  to  the  movement  of  the  driven  gear.  Th°  line  CC  is 
revolving  with  the  angular  velocity  of  the  driven  gear,  so  the  velocity  cf  the 
end  of  the  line,  C,  is  given  by 
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U2  =  CCug  . 


This  velocity  vector  is  at  right  angles  to  the  line  CC,  and  can  he  resolved 
into  components  along  the  line  of  action,  and  normal  to  it,  as  shown.  Angle 
ICE  can  easily  he  shown  to  he  equal  to  cr,  and  triangle  DC E  is  similar  to  triangle 
BOC.  One  can  therefore  write 


Ug  _  D£  _  CD 
CC  BC  OB 


(a) 


or 

Us  DE  CD  . 

_  = - =  __  (t) 

CC  r2  CB 

But  CD  is  the  velocity  of  a  contact  point  along  the  line  of  action,  which  is  the 
sane  as  the  tangential  velocity  cf  a  point  on  the  base  circle,  which  is  given 
hy 


CD  =  ugCB 


(c) 


so  we  can  substitute  in  (b)  above  to  obtain 


CC 


DE 

r2 


Therefore, 


DE  =  u&r2  . 


(d) 


(e) 


By  similar  logic  one  can  show  that  the  component  of  velocity  on  the  driver 
normal  to  the  line  of  action  is 


WjTi  .  ( f ) 

The  component  of  velocity  of  the  driver  along  the  line  of  action  mist  be 
identically  equal  to  UD  in  order  that  the  two  involutes  remain  in  contact. 

At  this  point  we  make  a  critically  important  observation: 

The  components  of  velocity  normal  to  the  line  of  action  of  the 
surfaces  in  contact  are  identical  to  the  surface  speeds  of  disks  having  the 
same  angular  velocities  as  the  gears,  and  having  the  same  radii  of  curvature, 
respectively,  as  the  teeth  have  at  the  point  of  contact. 

Fran  this  point  on,  it  is  simple  to  demonstrate  simulation  cf  gears  by  disks. 
The  sliding  velocity  at  point  C  is  equal  to  tne  difference  in  velocity  normal 
tc  the  line  cf  action  between  the  two  surfaces,  and  this  is  given  by 


V  =  '^2X2.  —  1  • 

S 
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If  we  now  picture  a  pair  of  disks  in  contact,  having  radii  tx  and  r^,  and 
revolving  with  angular  velocities  uj.  and  ug,  vie  can  see  that  the  same  sliding 
velocity  is  produced.  The  rolling  velocity  of  each  disk  is  similarly  equal  to 
the  rolling  velocity  of  the  corresponding  point  on  the  gear  tooth. 

In  achieving  s isolation  the  farces  oust  also  be  matched;  it  follows 
that  with  identical  radii  of  curvature  arising  from  the  above  arguement,  the 
Hertz  stresses  and  contact  width  are  also  simulated.  With  equal  contact  width 
and  equal  velocities  the  tines  of  contact  oust  also  be  equal.  Since  the  tine 
required  far  a  full  revolution  of  a  disk  is  identical  to  that  required  far  the 
revolution  of  the  corresponding  gear,  the  tine  cut  of  contact  for  corresponding 
points  in  the  two  system  is  also  identical.  This  consideration  could  be 
important  in  the  study  of  EP  fils  formation  and  destruction,  since  such  films 
depend  upon  reaction  rates  and  tines. 

Mechanical  System 

The  Hotary  Contact  System  can  best  be  described  as  consisting  of 
several  interrelated  sub-systs^: 

Basic  machine 

Hydraulic  drive  system 

Speed  control  system 

Friction  measuring  system 

Test  lubricant  circulation  system 

The  basic  machine  consists  of  a  pair  of  hydraulic  motors,  driving 
through  a  pair  of  lo/L  ratio  gearboxes  to  a  pair  of  shafts  which  are  arranged 
to  hold  a  pair  of  specimens  in  the  relation  shown  in  Figure  72.  Of  this  pair  cf 
drive  trains,  one  is  designated  the  "Driving  Side"  and  the  other  the  "Driven 
Side".  The  motors,  gearboxes  and  shafts  are  identical  on  the  tvo  sides,  but 
there  are  important  differences  in  the  mounting  of  these  units  to  the  base  of 
the  machine.  The  driving  side  assembly  is  attached  to  the  foundation  of  the 
machine  by  bearings  directly  below  the  specimen  axis,  so  that  rotation  of  the 
entire  carriage  is  possible,  advancing  the  specimen  toward  the  axis  of  the  other 
specimen.  A  piston,  advanced  by  air  pressure,  operates  on  the  carriage  to  pro¬ 
duce  the  rotation  just  described  so  that  controlled  loads  between  the  specimens 
can  be  produced. 

The  driven  side  assembly  is  mounted  to  the  base  of  the  machine  thrcugn 
bearings  which  are  coaxial  with  the  axis  of  the  specimen.  The  friction  torque 
produced  as  the  specimens  are  brought  together  and  rotated  causes  the  driven 
side  carriage  to  deflect  against  a  spring,  so  that  the  friction  measuring 
system  is  actuated.  Ihe  rotation  of  the  driven  side  carriage  operates  a  linear 
differential  transformer,  whose  output  is  amplified  and  recorded. 

The  hydraulic  drive  system  consists  of  an  electric  motor  driving  a 
pair  of  variable  volume  positive  displacement  pumps.  One  pump  delivers  flow 
to  the  driving  side  hydraulic  mo+or,  from  which  it  is  returned  at  low  pressure 
to  a  sump.  Ihe  other  pump  delivers  flow  to  the  driven  side  hydraulic  motor, 
after  which  it  flows  through  a  manually  controlled  back-pressure  valve,  through 
a  large  diameter  coil  of  steel  tubing  to  a  water-cooled  heat  exchanger  and  to 
the  sump.  The  same  sump  feeds  both  systems.  The  volume  rate  cf  the  pumps  is 
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individually  controlled  by  operation  of  a  pneumatic  actor  valve  tcpvorks,  which 
strokes  a  control  rod  it  the  top  of  the  pump.  It  is  uesired  that  the  hydraulic 
connections  to  the  driving  and  driven  carriages  not  interfere  with  the  accuracy 
of  leading  or  of  friction  measurarent,  sc  special  arrangements  of  the  tubing 
were  necessary.  On  the  driving  side,  the  hydraulic  fluid  is  delivered  to  the 
actor  through  long  runs  of  slender  steel  tubing,  with  loops  added  at  every  turn 
to  increase  flexibility.  The  fluid  return  free  the  no  tor  to  the  sump  va3  made 
through  flexible  plastic  impregnated  cloth  tubing.  On  the  driven  side,  the 
hydraulic  fluid  was  delivered  to  the  actor  through  coils  of  tubing  which  were 
designed  to  produce  part  cf  the  spring  force  against  which  friction  is  measured. 
Two  coils  of  opposite  rotation  were  used,  to  cancel  Bcurdcn  effects,  which  would 
otherwise  introduce  errors  into  the  friction  measurement  with  changes  in 
pressure.  The  low  pressure  return  line,  described  above  as  a  large  diameter 
coil  of  steel  tubing,  acts  as  a  spring  in  conjunction  with  the  delivery  lines 
to  facilitate  the  torque  measurement,  llo  precautions  ‘were  taken  to  cancel 
Bourdon  effects  because  the  pressure  is  lev  in  this  line,  and  the  error  from 
this  is  considered  neglibible. 


The  speed  control  system  operates  from  two  magnetic  pulse  counters 
mounted  at  the  ends  of  the  driving  and  driven  shafts.  Each  shaft  carries  with 
it  a  rcn-oagnetic  disk  with  six  steel  pins,  so  that  six  pulses  per  revolution 
are  produced.  These  pulses  are  counted  and  displayed  on  a  pair  of  electronic 
pulse  counters.  The  counting  interval  used  ir  one  second.  The  speed  is  given 
by 


rpc  = 


revolutions 
second 


£C  sec/min 
x  6  counts/rev 


x  courts  . 


Pulses  free  the  same  counters  are  also  fed  into  a  two-channel  "Ratio  Speed 
Control"  which  is  an  adaptation  of  a  Shell  designed  Ratio  Flow  Control  which 
had  been  developed  for  another  purpose.  In  this  system,  an  oscillator  was 
adjusted  to  produce  a  frequency  in  the  neighborhood  cf  the  pulse  rate  from 
either  the  driving  cr  driven  side,  whichever  was  higher.  The  incoming  pulse 
rate  was  compared  electronically  with  the  oscillator  frequency,  and  any  devia¬ 
tion  from  the  desired  ratio  produced  an  error  voltage.  This  voltage  was  con¬ 
verted  to  a  pneumatic  signal,  which  caused  a  change  in  the  position  of  the 
corresponding  motor  valve  top  works  on  the  pump,  sc  that  a  correction  in  speed 
resulted.  The  desired  ratio  of  oscillator  frequency  to  pulse  rate  is 
separately  adjustable  for  the  driving  and  the  driven  side. 


In  any  test,  it  is  necessary  that  the  specimen  with  the  higher 
peripheral  speed  be  mounted  on  the  driving  side,  and  the  one  with  the  lower 
peripheral  speed  be  mounted  on  the  driven  side.  When  the  machine  is  started 
up  at  no  load,  the  control  system  brings  the  two  shafts  to  the  desired  speeds; 
the  hydraulic  system  is  required  to  develop  enough  power  to  overcome  the 
friction  in  the  meters,  seals  and  gearboxes.  When  a  lead  is  applied  between 
the  specimens,  the  one  with  the  higher  peripheral  speed  begins  to  deliver 
power  to  the  one  whose  peripheral  speed  is  lower.  This  requires  the  control 
system  to  readjust,  which  it  can  do  quickly.  However,  at  seme  load  level,  the 
driving  disk  is  able  to  deliver  enough  power  to  the  driven  disk  to  overcome  all 
the  friction  in  the  system.  At  this  point,  the  demands  on  the  driven-side 
hydraulic  meter  become  nil,  and  the  electronic  speed  control  system  no  longer 
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has  the  ability  to  reduce  the  speed  on  that  side.  The  tendency,  then,  is  for 
the  driven  side  to  increase  in  speed  until  the  disks  are  rolling,  and  of  course, 
the  test  is  invalidated.  In  this  state  the  driven  side  actor  acts  as  a  pump. 

To  prevent  this,  a  special  hack  pressure  valve  is  installed  in  the  outlet  line 
of  the  driven  side  hydraulic  actor,  as  previously  mentioned.  This  valve  is 
adjusted  to  produce  a  pressure  drop,  so  that  the  total  power  requirement  for 
operation  of  the  driven  side  is  increased  to  a  level  beyond  the  ability  of  the 
driving  side  disk  to  deliver  by  friction,  so  that  seme  power  is  always  required 
from  the  driven  side  hydraulic  pump.  As  long  as  the  driven  side  puap  is 
delivering  power  to  the  system,  the  digital  speed  control  can  control  the  speed. 

The  friction  measuring  systeo  operates  frea  the  reaction  of  the 
driven  side  assembly  to  friction  at  the  disk  contact.  This  assembly  is  mounted 
on  anti-friction  bearings  on  the  axis  of  rotation  of  the  specimen.  The 
hydraulic  inlet  and  outlet  tubes  are  arranged  to  act  as  springs,  so  that  the 
torque  developed  by  the  friction  force  produces  a  rotation  of  the  entire 
assembly.  A  differential  transformer  converts  this  motion  to  an  electrical 
signal,  which  is  amplified  and  displayed  on  a  recorder. 

Certain  difficulties  with  the  operation  of  this  system  interfered 
with  the  accuracy  of  the  data,  so  the  system  was  not  used  in  this  study,  except 
to  allow  the  operator  of  the  machine  to  monitor  the  friction  as  the  tests  were 
conducted.  The  difficulties  apparently  steamed  from  distortion  in  the  machine 
base  and  the  transducer  supports  due  to  the  loading  forces  of  the  tests,  and 
from  thermal  effects. 

The  lubricant  circulation  system  included  an  electric  motor-driven 
gear  pusq>,  which  delivered  oil  under  pressure  to  two  jets  pointed  toward  the 
disks.  Lubricant  flows  over  the  disks,  and  is  retained  within  a  chamber 
mounted  around  the  disks.  This  chamber  has  moving  parts  and  seals  which  cause 
the  oil  to  be  collected  without  undue  waste,  without  interference  with  the 
movement  of  the  driving  side  carriage  in  loading,  or  the  driven  side  carriage 
in  friction  measurement.  Fran  the  bottom  of  this  chamber  the  oil  flows  through 
a  filter,  which  removes  metal  particles  and  into  a  vacuum  chamber,  containing 
a  number  of  trays.  Air,  vnich  is  entrained  in  the  oil  in  contact  with  the 
disks  and  in  the  test  chamber,  is  removed  as  the  oil  flows  by  gravity  over  the 
trays.  This  chamber,  with  a  conical  bottom,  is  mounted  directly  over  the 
lubricant  pur?).  Since  the  deaeration  chamber  is  under  vacuum,  a  gravity  feed 
is  necessary.  An  electric  heater  and  a  water  cooled  heat  exhanger  are  inserted 
in  the  line  between  the  pump  end  the  test  chamber,  to  ca  in  tain  the  lubricant  at 
the  desired  temperature. 

One  of  the  oil  jets  delivers  a  stream  of  approximately  25  cc/sec 
directly  froQ  above  into  the  space  where  the  disks  are  approaching  contact. 

The  lubricant  flow  rate  has  not  been  precisely  measured,  and  it  probably  varies 
somewhat  with  oils  of  different  viscosity.  However,  experience  with  this  and 
other  systems  has  indicated  that  the  response  to  increasing  lubricant  flow  rate 
is  such  that  once  an  abundance  is  present,  additional  amounts  do  not  make  a 
significant  difference.  The  disks  (or  gears),  operating  at  a  certain  load  and 
speed,  and  with  a  lubricant  of  a  certain  viscosity,  develop  an  oil  film  of  a 
certain  thickness.  Any  lubricant  beyond  that  required  to  maintain  the  oil 
film  must  flow  around  the  test  specimens,  and  have  no  effect  except  ceding. 
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Vita,  respect  to  cooling,  it  was  icurd  in  previous  work  that  the  oil  jet  va s 
insufficient,  even  vith  flow  rates  of  two  cr  three  tines  the  rresent  ore,  to 
cool  the  disks.  It  appeared  that  this  was  caused,  basically  by  the  sane  fact 
which  was  just  described:  high  flow  rates  of  oil  introduced  frca  above  cannot 
pass  through  the  contact  zone.  The  metal  surface  emerging  frrm  the  contact 
zone  is  coated  with  a  very  thin  layer  of  oil,  and  because  cf  the  centrifugal 
force  field,  there  is  no  opportunity  for  the  surplus  oil  from  the  stream  above 
to  wet  and  ccol  the  surfaces.  As  a  result,  the  temperature  of  the  disks  rises 
to  values  which  affect  the  properties  of  the  metal.  To  combat  this  problen,  a 
secondary  oil  jet  was  installed,  pointing  upward  into  the  region  where  the  metal 
surfaces  are  emerging  from  the  contact  zone.  This  provides  cooling  directly  on 
the  surfaces  which  are  carrying  the  heat  out  of  the  contact  zone,  ard  proved 
quite  effective  in  eliminating  the  problem. 


Experimental  Procedure  and  P.esults 


The  first  step  in  performing  a  test  on  the  Rotary  Contact  Simulator 
is  to  determine  the  proper  specimens  to  use.  Sis  is  done  by  determining  the 
radius  of  curvature  cf  the  gear  tooth  to  be  simulated  at  the  point  cf  interest. 
For  this  purpose  the  gages  shewn  in  Figure  71  were  used.  The  larger  of  the  two 
gages  is  designed  to  be  'used  vith  our  standard  19- teeth  test  gear,  and  the 
scalier  one  is  used  with  the  17-tooth  gear.  The  outer  rim  of  each  gage  is 
eccentrically  mounted  on  the  hub  and  can  be  rotated  on  it.  Cue  can  mount  a 
gage  alongside  the  gear  of  interest  and  rotate  the  rim  -until  the  surface  cf  the 
rim  lines  up  vith  the  area  cf  interest  on  the  tooth.  This  establishes  the 
distance  from  the  center  of  the  gear  to  the  point  on  the  tooth,  which  is 
cona conically  related  to  the  radius  of  curvature.  The  gages  are  therefore 
calibrated  directly  in  radius  cf  curvature,  -which  can  be  read  from  the  side. 

Cnee  the  radius  of  curvature  of  either  member  of  the  pair  is  known, 
the  other  can  be  calculated  free  the  equation 


Tz  =  1.026  -  ri 

-diich  applies  only  to  the  test  gears.  Rotary  Contact  Simulator  specimens  are 
then  selected  from  an  assortment,  which  nest  nearly  approximate  the  values 
obtained  above.  The  available  sizes  are  listed  below  in  pairs,  along  with 
notations  indicating  any  special  significance  of  certain  pairs.  In  this  program, 
practically  all  the  work  was  done  with  pairs  having  radii  of  .7 CC-.326  and 
.300-. 226.  This  arose  from  the  observation  that  one  cf  the  leading  problems 
with  helicopter  gears  was  pitting.  A  photograph  cf  a  helicopter  gear  teeth 
which  was  submitted  to  us  as  an  example  of  this  is  shown  in  Figure  73.  Cur 
gear  tests  were  therefore  conducted  in  a  manner  designed  to  produce  similar 
pitting,  if  possible.  This  was  net  ent  irely  successful,  but  in  seme  instances 
our  test  gears  developed  pits  as  shown  in  Figure  ?6.  In  this  case,  the  pit  was 
located  at  a  radius  of  curvature  on  the  pinion  cf  .7 CO",  which  corresponds  to  a 
radius  cf  .326"  on  the  gear.  The  gears  had  been  run  at  a  transmitted  load  of 
177  lb,  and  6b CO  rpm  with  MEL-L-7SCS  D  oil. 
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Pinion 

Gear 

Start  of  Contact 

.1047 

.921 

.200 

.826 

.300 

.72 6 

Start  of  Single-Tooth 
Contact 

.3648 

.661 

.400 

.626 

Pitch  Line 

.4845 

.542 

.500 

.526 

End  of  Single-Tooth 
Contact 

.5968 

.429 

.600 

.426 

.700 

iL'yC. 

.800 

.226 

End  of  Contact 

.3569 

.169 

lie  speed  of  operation  of  the  Rotary  Contact  Simulator  was  retched  to 
that-cf  the  gear  sachire.  The  disk  representing  the  pinion  addendum  was 
operated  at  6to©  rpa,  while  the  gear  dederdua  simulator  disk  was  operated  at  a 
speed  of  17A9  x  6400  =  5726  rpa.  The  disk  vith  the  higher  peripheral  speed  in 
this  case  is  the  pinion  simulator  disk,  so  it  was  mounted  on  the  driving  side, 
and  the  gear  simulator  disk  was  mounted  on  the  driven  side  01  the  machine. 

Scaup  eccentricity  is  always  present  between  the  mounting  shank  and 
the  test  surfaces  of  the  disks  themselves.  There  is  also  some  eccentricity 
present  in  the  collets  which  hold  the  disks,  and  the  shafts  and  bearings  them¬ 
selves.  In  mounting  the  disks,  it  is  necessary  to  check  vith  dial  indicators 
reading  to  0.0001",  and  to  rotate  the  dirks  within  their  collets  to  a  position 
in  \hich  the  eccentricity  is  minimized. 


The  lubricant  is  circulated  and  brought  up  to  temperature,  and  then 
the  shafts  are  brought  up  to  speed.  Load  is  applied  by  application  of  air 
pressure  to  a  loading  cylinder  has  already  been  described.  Pressures  are 

controlled  by  regulators  and  read  from  laboratory  test  gages.  The  radial  force 
developed  between  two  specimens  is  proportional  to  the  pressure  in  the  leading 
cylinder  and  has  by  calculation  and  calibration  been  shown  to  be  very  close  to 

F  =  50  P  (psi)  . 

In  order  to  apply  the  correct  load  for  simulation,  it  is  necessary  tc 
*»r»»nira»  the  actual  load  existing  in  the  gear  machine  and  the  Rotary  Contact 
Simulator.  As  pointed  out  earlier,  parts  of  the  contact  in  a  set  of  gear  teeth 
are  in  single-tooth  contact,  and  part  in  double.  For  the  test  gears,  the 
fraction  of  the  transmitted  load  being  carried  by  a  pinion  teeth  vs  X  is  shown 
in  Figure  4.  At  a  radius  of  curvature  of  . 7 , 
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X  = 


1.026 


.68  . 


At  X  =  .68  the  contact  carries  53>  of  the  transmitted  load.  Since  the  damage 
had  occurred  at  a  transmitted  lead  of  ITT  lb,  the  actual  tooth  load  at  that 
point  was  53^’  *  ITT  =  9^  lb.  Since  the  gears  are  operated  with  an  effective 
face  width  cf  3. 1C”,  this  corresponds  to  a  lead  per  unit  width  of  940  lb/in. 

The  disks  are  operated  with  a  contact  width  of  .250",  which  would  irdicate  that 
the  force  between  this  ought  to  be  2-1/2  tines  as  high  as  on  the  gears,  or  235 
lb.  Bovever,  earlier  work  with  the  high-speed  gear  machine  has  shown  that  for 
mineral  oil,  for  speeds  ranging  iron  1CC0  to  13,CCC  rpn,  the  factor  to  convert 
score— limited  loads  fren  0.1”  to  0.25”  varies  from  1.25  to  1.6,  with  1.4  being 
a  reasonable  average  value.  lie  information  is  available  at  the  present  tire  to 
explain  why  this  effect  exists,  and  several  hypotheses  have  been  proposed.  In 
the  absence  cf  better  data,  we  are  forced  to  use  the  experimental  data  avail¬ 
able,  so  the  factor  cf  1.4  will  be  used  to  relate  loads  carried  at  .25"  face 


width  to  those  at 
=  132  lb. 


9  X 


The  load  required  for  slmi 


Zach  of  the  lubricants  used  in  the  spir  gear  tests  was  also  run  in  the 
Hotary  Contact  Simulator.  Several  of  the  tests  were  started  with  a  break-in  period 
of  from  15-30  cin  at  very  light  load,  after  which  the  lead  was  raised  to  105  lb. 
Inspection  of  the  disks  after  this  load  revealed  no  damage,  after  which  the 
load  was  increased  to  IpO  lb.  This  resulted  in  a  type  of  damage  which  has 
typified  the  results  of  study  on  the  Rotary  Contact  Simulator,  and  which  are 
shown  photographically  in  Figure  TT  through  T9.  These  figures  require  sere 
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portion  of  a  dedendum  simulator  specimen.  The  illumination  is  so  arranged  that 
the  smooth,  work  surface  appears  dark  and  the  depressions  are  illuminated. 
Cracks  can  be  seen  on  the  dark  background,  across  the  direction  of  sliding, 
and  parallel  to  the  axis  cf  the  specimen.  On  one  side  of  the  contact  zone  the 
contact  pressure  was  apparently  heavier,  probably  as  a  result  of  a  small  amount 
of  misalignment  cf  this  specimen  vita  the  addendum  simulator.  Cn  this  side  the 


damage  became  heavier,  and  pits  were  forced  along  the  edges  of  the  cracks.  The 
•observation  that  the  pits  developed  from  the  cracks  is  supported  by  the  fact 
that  the  pits  appear  in  lines  across  the  contact  surface  and  are  in  line  with 
cracks.  Figure  T9  is  a  photograph  of  the  same  specimen  taken  with  a  special 
camera.  This  camera  uses  a  special  combination  of  a  knife-edge  slit  and  moving 
linkages  to  develop  an  image  cn  the  film  which,  in  effect,  is  the  "unrolled” 
surface  of  the  specimen.  This  produces  a  photograph  in  which  all  portions  are 
uniformly  lighted  and  in  focus.  Furthermore,  the  lighting  can  be  controlled  in 
such  a  way  chat  defects  are  emphasized.  In  this  case  the  worn  surface  was 
illuminated  in  such  a  way  that  it  appears  bright  and  the  pits  and  cracks  are 
dark.  Figure  TT  is  a  similar  photograph  of  the  addendum  simulator,  shewing  a 
multitude  of  short  scored  streaks. 


The  significance  of  the  evidence  shown  in  these  photographs  -will  be 
more  fully  developed  in  a  later  section,  tut  at  this  point  it  must  be  taken 
up  briefly  because  the  choice  of  further  experiments  hinges  cn  it. 
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Previous  work  had  led  to  a  hypothesis  that  scoring  in  gear  teeth  was 
related  to  fatigue  effects.  It  had  been  found  that  scaring  and  gear  pitting 
were  represented  by  curves  of  the  type  shown  in  Figures  55  through  59. 
Difficulty  in  the  inspection  of  gear  teeth,  particularly  in  the  dedendua,  made 
the  investigation  cf  this  hypothesis  difficult.  The  evidence  in  the  current 
study  is  a  major  advance  because  it  establishes  a  connection  between  cracking 
of  the  dedendua,  which  is  presumably  a  fatigue  effect  and  scaring  of  the 
addendum,  It  is  believed  that  ths  increase  in  friction  which  results  from  the 
cracks  causes  the  contact  temperature  to  go  up,  producing  scoring. 

Pits  of  the  type  observed  in  the  helicopter  gears  aid  in  a  few  of  ojx 
tests  gears  are  believed  to  be  an  extension  of  fatigue  cracking.  During  each 
revolution  the  teeth  undergo  bending  stresses.  Hertz  stresses,  and  probably 
also  high  thermal  stresses,  which  being  cyclical,  can  cause  cracks  to  develop 
and  propagate.  When  cracks  develop  it  is  likely  that  sense  of  then  will  sxart 
beneath  the  surface  because  it  is  known  that  the  maximum  shear  stress  develops 
some  distance  below  the  surface  (hard  materials  fail  in  shear).  The  continued 
propagation  of  a  crack  can  isolate  a  fragment  fraa  the  parent  metal  and  leave  a 
pit.  Inasmuch  as  pits  are  induced  by  cracks  and  the  fatigue-scoring  hypothesis 
indicates  that  scoring  is  frequently  also  produced  or  hastened  by  cracks,  it 
appeared  that  we  could  profitably  continue  the  investigation  of  crack-induced 
scaring  as  a  means  of  learning  about  pitting.  At  the  same  time,  scaring  is  a 
farm  of  damage  of  gear  teeth  Wiich  must  also  be  protected  against,  and  therefor 
whether  or  not  one  eventually  solves  the  pitting  problem  by  this  approach,  the 
information  on  scaring  thich  is  developed  has  potential  value. 

At  this  point  we  can  return  from  the  digression  on  scaring  and  give 
our  attention  again  to  the  test  results.  Tests  were  conducted  at  3200  rpm  with 
KEL-L-7808  C  oil  for  positions  of  the  pinion  tooth  with  radii  of  C.4S",  0.7", 
and  0.8".  The  first  of  these  is  at  the  pitch  line  and  the  other  two  are  on  the 
addendum.  In  the  pitch  line  simulation  the  specimens  were  able  to  sustain  load; 
up  to  2360  lb  radial  load  on  1/4"  face  width  without  damage.  At  the  next  load 
step,  2410  lb,  the  gear  simulator  specimen  developed  very  fine,  evenly  distri¬ 
buted  pits  over  its  surface.  The  pinion  was  also  thus  affected  but  to  a  lesser 
degree.  Hk.  loading  schedule  in  this  test  was  sizdLlar  to  a  spur  gear  load 
carrying  capacity  test.  A  second  pitch  line  simulation  follows  this,  in  which 
this  break-in  schedule  was  followed: 

15  minutes  52.5  lb  load 

5  105 

5  157.5 

5  210 

Following  this,  the  disks  were  run  at  a  load  of  2410  lb  far  five  minutes  with¬ 
out  damage.  After  an  additional  45  minutes  of  running  at  this  load,  very  fine 
pitting  began  to  appear  on  the  pinion  simulator.  After  another  15  to  30 
minutes  this  had  increased  on  the  pinion  simulator  and  appeared  also  on  the 
gear  simulator.  This  test  was  continued  far  a  total  of  155  minutes  at  the  2410 
lb  load,  during  which  the  pitting  continued  to  increase  in  severity  on  both 
specimens  but  was  more  severe  on  the  pinion  simulator. 
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Using  the  previously  developed  relation  that  a  decrease  in  contact 
width  frcn  .25"  to  .1"  decreases  the  load  carrying  capacity  by  a  factor  of  about 
1.4,  one  can  calculate  that  the  above  load  is  equivalent  to  a  transmitted  lead 
on  the  test  gears  of  1720  lb.  Such  a  test  could  not  have  teen  ran  on  the  gears 
for  two  reasons: 

1.  The  required  beam  load  of  97-4  lb  is  beyond  the  capacity  of  the 
gear  machine. 


2.  Scoring  of  other  portions  of  the  gear  teeth  would  have  farced  the 
termination  of  the  tests  at  ouch  lower  loads. 

These  tests  demonstrated  that  pitting  can  be  produced  in  a  short  time  in  the 
neighborhood  of  the  pitch  line  by  sufficiently  high  loads  which,  however,  cannot 
be  applied  to  the  test  gears.  This  suggests  an  experimental  approach  far  the 
study  of  pitch  line  pitting  which  can  be  conducted  on  the  Rotary  Contact 
Simulator,  but  not  on  test  gears.  It  is  possible  to  operate  pitch  line  simula¬ 
tions  at  high  loads  and  high  speeds  so  that  the  time  required  to  produce  pitting 
is  reduced  to  practical  values  far  laboratory  study.  This  approach  has  not  been 
used  because  other  areas  of  very  strong  interest  dominated  the  program. 

Tne  above  tests  also  demonstrated  that  the  damage  did  not  occur 
instantaneously,  tut  required  an  induction  period  of  approximately  45  minutes 
at  a  load  of  2410  lb.  This  confirms  the  argument  that  such  pits  are  produced 
by  metal  fatigue. 

From  the  above  tests  it  may  be  seen  that  MLL-L-7808  C  does  not  show 
a  very  strong  break-in  sensitivity.  Damage  occurred  at  the  same  load  in  a  test 
with  only  modest  break-in  as  in  a  test  which  followed  the  entire  ICC  type 
schedule.  The  fact  that  the  specimens  survived  longer  at  a  given  load  in  the 
constant-load  type  test  than  in  the  LCC  type  indicates,  on  the  other  hand,  that 
the  stepwise  loading  schedule  of  the  LCC  test  may  have  teen  producing  seme 
fatigue  damage. 

Four  tests  were  made  to  simulate  the  pinion  addeniun  at  .3"  radius, 
with  a  loading  schedule  comparable  to  that  used  in  the  spn*  gear  LCC  tests  and 
with  the  same  oil  and  at  the  same  speed  as  in  the  previous  tests.  The  results 
are  tabulated  here: 


Loading 

1  Pressure,  psi 

: 

rorce 

Between  Specimens 
at  Failure,  lb 

Equivalent  Gear 
Tooth.  lead,  lb 

Equivalent 
Transmitted  Lead,  lb 

14 

420 

300 

698  Uniform  damage 

14 

420 

3CC 

698  Uniform  damage 

10-1/2 

315 

225 

524  Slight  nonuniform 

7 

210 

150 

549  Very  nonuni  form 
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The  nonunifanaity  referred  to  in  the  above  table  describes  the  fact  that  the 
daaage  did  not  extend  entirely  across  the  contact  width.  In  the  last  test  the 
damage  occupied  only  a  narrow  bank  on  the  edge  of  the  contact  path.  The  degree 
of  variation  in  stress  across  the  contact  is  not  known,  but  the  dependence  of 
failure  load  on  this  nonunifarnity  is  obvious,  and  is  to  be  expected.  When  the 
equivalent  transmitted  loads  are  plotted  on  a  graph  of  LCC  vs  score  load 
obtained  far  spur  gears  at  this  speed.  Figure  80  is  obtained.  It  can  be  seen 
that  the  two  failures  at  696  lb  transmitted  load  are  well  above  the  curve, 
while  the  one  at  540  lb  is  in  agreement  with  it.  The  point  at  3^9  lb  falls 
well  belov  the  curve. 

Thus,  the  load-carrying  capacity  far  disks  brackets  the  load-carrying 
capacity  curve  obtained  far  gears;  the  actual  values  for  the  disks  correlate 
with  the  uniformity  of  loading.  When  the  uniformity  of  loading  was  poor,  the 
value  obtained  falls  belov  the  curve,  and  then  the  uniformity  is  good,  the 
rallies  are  above  the  curve.  A  slight  amount  of  “cramifcrmity  was  present  in 
the  test  ihlch  produced  a  load-carrying  capacity  which  agrees  with  the  curve. 
This  suggests  that  the  load-carrying  capacity  of  gears  may  also  be  affected  by 
the  uniformity  of  loading,  and  that  the  curve  is  drawn  from  data  far  which  seme 
noo-unifanalty  existed.  This  reasoning  is  consistent  with  cur  knowledge  about 
the  rating  of  gears  inlaad-carryirg  capacity  tests.  The  first  trace  of  scaring 
on  the  addencha  of  the  pinion  is  used  to  assign  the  score  load.  Any  con- 
unif amity  across  the  tooth  face  or  around  the  pinion  on  various  teeth  would 
tend  to  lower  the  load  at  which  traces  of  scaring  occur.  Such  nonunifannities 
have  been  observed. 

In  each  of  the  tests  listed  in  the  above  table,  the  observation  of 
scaring  on  the  addendum  simulator  coincided  with  the  observation  of  axially 
aligned  crack-like  defects  on  the  used  surface  of  the  dedendum  simulator.  In 
those  cases  where  the  scaring  was  non-uniform,  the  cracks  were  seen  to  extend 
only  over  that  portion  of  the  specimen  as  had  contacted  the  scored  portion  of 
the  addendum  simulator  as  illustrated  in  Figures  77  through  79. 

One  test  was  conducted  with  specimens  which  simulated  the  contact 
conditions  at  a  radius  of  curvature  of  .7"  on  the  pinion.  The  load  schedule 
followed  the  LCC  schedule  approximately  up  to  a  load  of  377  lb  and  then  up  to 
420  lb  in  load  steps  which  were  maintained  far  approximately  twenty  minutes 
each.  No  damage  to  either  disk  was  observed  in  this  test.  This  indicates  a 
difference  in  the  severity  of  contact  between  positions  with  radii  of  .7"  and 
.8". 


A  total  of  9  tests  were  conducted  with  MTL-L-7808  D  at  6400  rpm.  One 
was  at  a  pinion  radius  of  .8".  The  pinion  simulator  scored  at  the  first  load 
step  of  52.5  lb.  within  the  first  five  minutes.  The  gear  tooth  dedendum 
simulator  exhibited  cracks  at  the  same  time.  The  test  was  continued  far  ten 
■are  minutes  at  the  same  load  with  no  substantial  change  in  the  appearance  of 
the  specimens.  This  scare  load  is  substantially  belov  that  obtained  in  gear 
tests. 


3-13926 


The  other  eight  tests  were  conducted  to  simulate  .7"  pinion  tooth 
radius.  The  score  loads  ranged  free  158  lb  down  to  105  lb,  corresponding  to 
212  lb  down  to  111  lb  transmitted  load  in  the  gears.  The  highest  value  obtained 
still  fell  below  the  curve  of  spur  gear  load-carrying  capacity  vs  speed  for 
this  oil. 


The  tests  with  MIL-L-78C6  E  were  conducted  at  61 00  rpm  and  12,8C0 
rpm.  In  the  first  such  test,  at  6100  rpm,  the  point  simulated  was  at  a  pinion 
radius  of  .7"*  This  test  produced  a  high  wear  rate,  scoring  of  the  addendum 
simulator  at  a  load  of  105  lb  and  cracks  on  the  dedendum  simulator.  This  is 
equivalent  tc  a  transmitted  load  on  the  gears  of  ll2  lb.  By  comparison  with 
Figure  50,  it  can  be  seen  that  this  point  falls  well  below  the  load  carrying 
capacity  of  the  test  gears  at  this  speed. 

The  next  test  was  performed  in  the  same  manner,  but  the  dedendum 
simulator  specimen  was  ground  down  .013”  on  the  diameter,  to  remove  any  metal 
which  might  have  previously  been  cracked  during  the  manufacture  of  the  speci¬ 
men,  and  then  heat  treated  in  a  furnace  for  2  hours  at  350° F  to  remove  any 
residual  stresses  which  sight  have  teen  introduced  in  the  regrinding  operation. 
The  results  of  this  test  essentially  duplicated  those  of  the  previous  one, 
indicating  strongly  that  the  cracking  and  pitting  are  not  due  to  residual 
stresses  from  grinding  and  that  these  defects  are  not  present  in  the  unused 
specimens. 


In  two  tests,  loads  were  applied  much  more  gradually  than  in  those 
just  described.  In  the  first  of  these,  no  scoring  damage  occurred  at  all  even 

though  the  load  was  raised  to  3^5  lb,  equivalent  to  a  transmitted  load  on  the 

gears  of  465  lb.  In  the  second  test,  the  load  was  raised  to  about  the  same 
level  at  which  slight  scaring  of  the  addendum  simulator  was  observed.  A  few 
cracks  of  the  dedendum  simulator  were  observed  at  this  stage  of  the  test,  as 
well.  The  test  was  continued  to  a  load  of  585  lb,  equivalent  to  790  lb 

transmitted  load  on  the  gears  at  which  the  scoring  on  the  addendum  simulator 

had  become  prominent,  and  the  dedendum  simulator  had  become  pitted.  These 
results  are  shown  in  relation  to  the  load  carrying  capacity  curve  for  this 
oil  for  spur  gears  in  Figure  8l. 

If  these  data  are  compared  to  the  break-in  data  for  this  oil,  shown 
in  Figure  62,  it  can  be  seen  that  the  first  onset  of  scoring  on  the  contact 
simulator  occurs  at  an  equivalent  transmitted  load  which  is  approximately  the 
same  as  that  reached  by  the  gears  with  suitable  break-in. 

One  test  at  6400  rpm  which  simulated  the  contact  at  a  pinion  radius 
of  curvature  of  .8"  gave  essentially  the  same  results  as  those  at  .7"  radius. 
This  indicates  that  for  this  lubricant  the  difference  in  severity  between 
these  two  positions  on  the  gear  tooth  is  not  substantial. 

Four  tests  were  conducted  at  12,cC0  rpm  simulating  the  contact  at  a 
pinion  radius  of  curvature  of  .3".  In  three  of  these  tests  the  first  load 
step  was  sufficient  tc  cause  scoring  of  the  addendum  simulator  and  cracking 
of  the  dedendum  simulator.  Ihis  is  equivalent  to  a  load  of  52.5  lb,  which  is 
equivalent  to  a  transmitted  spur  gear  load  of  67  lb.  In  the  fourth  test,  the 
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first  load  step  was  reduced  to  15  lb  which  corresponds  to  25  transmitted  load 
on  the  gears.  Even  at  this  light  load  the  addendum  simulator  scored  in  the 
first  five  minutes  of  naming.  In  Figure  50  it  can  be  seen  that  the  spur  gear 
load  carrying  capacity  decreases  rapidly  with  speed  and  this  qualitative  fact 
has  been  substantiated  with  the  contact  simulator,  but  the  actual  value  of  the 
curve  at  12,800  is  well  above  the  equivalent  load  level  at  which  the  simulator 
specimens  were  damaged.  The  cause  of  this  discrepancy  is  not  known. 

On  MIL-L-21260  (Grade  2)  oil,  three  tests  were  conducted  at  1600  rpca, 
and  six  at  6400  rpm.  All  tests  were  in  simulation  of  the  contact  at  a  radius 
of  curvature  on  the  pinion  tooth  of  .8".  The  tests  at  1600  rpm  were  essentially 
similar  to  the  spur  gear  break-in  tests,  shown  in  Figure  64.  In  these  tests 
the  load  was  increased  in  steps  of  15  lb  (25  lb  spur  gear  transmitted  load 
equivalent)  with  ten  minutes  at  each  load  step.  When  a  load  of  285  lb  (475  lb 
spur  gear  transmitted  load  equivalent)  was  reached,  the  tests  were  continued 
at  this  level  for  lengths  of  time  which  varied  from  419  minutes  to  1030  minutes, 
with  inspections  every  50  to  60  minutes.  Rust  was  found  deposited  on  the 
dedendum  simulator  after  the  second  lead  step  of  the  test  in  each  case.  This 
rust  persisted  until  the  end  of  each  teat.  The  addendum  simulator  became 
polished  in  each  of  these  tests  as  though  through  the  abrasive  action  which 
one  might  expect  from  the  rust.  Scoring  occurred  in  each  of  the  tests  at  about 
the  lo.d  level  at  which  the  constant  load  portion  of  the  tests  began,  tut 
apparently  the  rust  was  able  to  reduce  this  to  almost  invisible  traces.  In 
one  of  the  tests,  after  about  300  minutes,  chevron-shaped  cracks,  with  their 
points  away  from  the  direction  of  rotation  and  from  the  direction  of  sliding, 
appeared  on  the  dedendum  simulator;  this  was  follows  in  about  120  minutes  by 
complete  scoring  of  the  addendum  simulator.  In  each  of  the  tests,  the  dedendum 
simulator  became  gradually  covered  with  small  pits  as  the  constant  load  portion 
of  the  test  continued.  In  two  of  the  tests  the  chevron-shaped  cracks  did  not 
appear,  and  the  sudden  catastrophic  scoring  did  not  occur. 

In  the  load  carrying  capacity  type  tests  conducted  at  6400  rpm  with 
MIL-L-21260,  it  was  found  that  the  addendum  simulator  scored  at  loads  from 
30  lb  (50  lb  spur  gear  transmitted  load  equivalent)  to  135  lb  (224  lb  spur 
gear  transmitted  load  equivalent).  The  higher  score  load  just  cited  agrees 
well  vj  th  the  spur  gear  score  load  vs  speed  curve  taken  from  Figure  51,  as 
shown  in  Figure  82.  Since  the  maximum  score  load  one  obtains  is  probably  the 
correct  one,  it  is  reasonable  to  suppose  that  some  sort  of  disturbances  in 
the  other  tests  may  have  caused  the  specimens  to  score  earlier.  On  the  other 
hand,  it  is  possible  that  the  gears  may  have  become  slightly  scored  earlier 
than  vac;  noticed.  Disk  specimens  are  much  to  be  preferred  for  the  observation 
of  small,  elusive  effects  since  they  are  much  easier  to  evaluate,  as  discussed 
earlier.  Rust  deposits  on  the  dedendum  simulator  frequently  appeared  at  a 
load  level  of  about  30  lb,  and  cracks  or  pits  generally  occurred  just  prior 
to  scoring,  or  were  discovered  at  the  same  inspection  as  scoring. 

Some  Incidental  Observations  on  Rust 


In  many  of  the  Rotary  Contact  Simulator  tests  deposits  of  rusty 
material  were  observed  on  the  specimens.  These  deposits  were  heaviest  on  the 
gear  dedendum  simulators,  but  they  also  appeared  occasionally  on  the  pinion 


addendum  simulators.  Deposits  cn  the  addendum  simulators  generally  vere  thinner 
and  were  visible  primarily  in  the  spaces  between  the  grinding  marks,  as  though 
rubbed  in  by  the  action  of  the  addendum  simulator.  These  observations  were  sale 
in  tests  of  MIi-L-7808  D  and  E  at  6400  rpm  with  addendum  simulators  having  a 
radius  of  .7".  Such  deposits  vere  also  observed  in  tests  of  MEL-L-21260  oil 
at  1600  rpc  and  6400  rpm  with  an  addendum  simulator  radius  of  .6".  These 
deposits  were  visible  both  to  the  naked  eye  and  through  the  microscope  when 
illuminated  by  incandescent  light,  but  they  became  nearly  invisible  under 
fluorescent  light.  Under  the  latter  condition,  the  deposits  appear  trans¬ 
parent  and  blue-black  in  color. 

Organic  solvents  have  been  found  net  to  remove  the  deposit  which 
rules  out  the  usual  gums  and  varnishes  which  often  fora  from  lubricants.  Dilute 
hydrochloric  acid  dissolves  the  deposit  readily.  The  deposit  is  toe  thin  to 
be  removed  by  scraping  for  chemical  analysis  and  it  was  found  that  an  electron 
microprobe  could  not  analyze  it. 

The  most  telling  test  was  that  of  dissolving  the  deposit  in  oxalic 
acid  and  adding  a  weak  solution  of  sodium  ferrocyanide  as  an  indicator.  Oxalic 
acid  dissolves  iron  rust  tut  is  not  a  good  solvent  for  iron.  Therefore,  it  was 
expected  that  i^  the  material  was  rust,  that  this  acid  would  remove  it 
selectively.  However,  it  was  found  that  to  completely  eliminate  the  solution 
of  iron,  cathodic  protection  could  be  applied.  A  positive  indication  by  the 
sodium  ferrocyanide  is  shown  by  the  appearance  of  a  blue  color  when  it  is 
added  to  the  test  solution.  Since  the  cathodic  protection  prevents  the  direct 
solution  of  iron  from  the  steel,  the  only  source  of  iron  is  in  the  deposit 
which  has  been  dissolved.  It  was  found  that  the  deposit  did,  indeed,  produce 
the  blue  color  whereas  an  unused  specimen,  tested  in  the  same  way,  did  not. 

The  technique  of  the  test  may  usefully  be  described  here.  The 
specimen  was  placed  on  a  grounded  metal  block,  such  as  a  vee -block.  A  short 
length  of  platinum  wire  was  adjusted,  so  that  less  than  one  millimeter  gap 
appeared  between  the  specimen  and  the  end  of  the  wire.  A  battery  with  about 
three  volts  potential  was  connected  between  the  platinum  wire  and  the  vee-block 
with  the  positive  connection  on  the  platinum.  A  drop  of  oxalic  acid  was  then 
allowed  to  run  down  the  platinum  wire  to  the  gap  between  it  and  the  specimen. 
This  was  held  in  the  gap  by  surface  tension  and  it  completed  the  electrical 
circuit.  The  evolution  of  bubbles  within  the  drop  could  be  observed  and  this 
served  as  an  indication  that  current  was  flowing  through  the  circuit.  After 
approximately  half  a  minute,  the  drop  was  then  removed  with  a  dropper  and 
transferred  to  a  white  porcelain  dish  where  the  indicator  solution  was  added, 
xjay  change  in  color  was  clearly  visible  against  the  white  background. 

The  series  of  tes+s  described  do  not  prove  conclusively  that  the 
deposit  is  actually  iron  ruse.  However,  it  is  quite  clear  that  it  is  a 
compound  of  iron,  and  most  likely  it  is  red  iron  oxide.  The  significance  of 
the  formation  of  this  material  in  the  contact  zone  of  operating  gears  has  not 
been  established.  Since  no  wear  rate  measurements  are  available,  it  is  not 
possible  to  state  whether  this  phenomenon  is  accompanied  by  an  increase  in 
wear,  in  comparison  to  those  conditions  in  which  no  such  deposite  is  formed. 
However,  the  polished  appearance  of  seme  of  the  surfaces  suggests  that  wear 
may  be  appreciable. 


S-13926 


Such  deposits  had  Dot  previously  teen  observed  on  the  surfaces  cf 
gear  teeth  tested  under  similar  conditions,  so  special  effort,  was  made  during 
subsequent  test  to  observe  any  evidence  of  rust  colored  deposits  cn  the  teeth. 
It  was  found  that  these  deposits  do  occur  but  on  the  gears  there  are  so  many 
distracting  roughness  elements  due  to  original  grinding  marks,  abrasion  and 
scoring,  that  it  had  gone  undetected  before.  Furthermore,  the  rust  appears  to 
be  generated  ’under  seme  operating  conditions,  but  not  all.  In  the  tests  with 
MIL-L-7808  D  and  E  referred  to  above,  the  deposits  occurred  at  radii  of  .7"  an 
not  at  .8".  This  means  that  only  certain  parts  of  the  contact  zone  on  a  gear 
tooth  prodi.es  this  material. 


Further  work  is  needed  to  determine  whether  this  is  an  important 
effect  from  the  standpoint  of  gear  operation.  If  it  develops  that  such  an 
abrasive  material  as  this  can  be  continuously  produced  in  the  contact  zone  of 
gear  teeth,  and  that  this  has  an  influence  on  the  wear  rate,  then  possibly  the 
specifications  on  such  MIL-SPEC  lubricants  ought  to  be  reviewed  to  determine 
whether  this  effect  can  be  insured  against. 

Discussion 


The  results  cf  Rotary  Contact  Simulator  Tests  have  agreed  reasonably 
well  *ith  the  values  of  scare  load  obtained  directly  from  spur  gears  in  a 
number  of  instances,  and  have  disagreed  in  certain  cases.  The  fact  that 
agreement  has  not  been  exact  in  all  cases  is  net  surprising  since  all  distur¬ 
bances  tend  to  lower  the  failure  load.  Only  when  the  gears  and  the  disk3  used 
in  testing  a  certain  lubricant  are  perfectly  made  and  perfectly  aligned  can 
one  expect  both  to  reach  the  sa.ue  ultimate  failure  point.  Since  this  ideal  is 
not  possible,  it  is  to  be  expected  that  in  various  cases  one  or  the  ether  of 
the  systems  will  give  higher  score  leads. 

The  valuable  observation  from  these  experiments  has  been,  however, 
the  degree  to  which  trends  in  effects  have  been  reproduced  in  the  two  systems, 
and  the  degree  to  which  the  Rotary  Contact  Simulator  has  been  instrumental  in 
the  discovery  of  effects  which  were  not  previously  observed  in  the  gears.  For 
example,  in  facilitating  the  observation  of  cracks  and  pits  on  the  dedendum 
simulator  specimens,  the  Rotary  Contact  Simulator  has  performed  a  function 
which  was  not  possible  with  the  gears  alone.  The  observations  are  a  subject 
of  considerable  importance  to  this  entire  project,  and  it  will  be  taken  up  in 
greater  detail  here. 

Fatigue-scoring  hypothesis: 

It  has  been  known  for  some  time  that  the  failure  patterns  of  gears 
is  not  completely  consistent  with  the  assumption  that  each  oil  possesses  a 
unique  "score  load"  beyond  which  the  lubricant  cannot  protect  the  gear  tooth 
surfaces.  Data  which  were  obtained  prior  to  this  project  on  the  high-speed 
gear  machine  had  indicated  that  certain  lubricants,  when  tested  at  constant 
load  on  the  spur  gear  machine,  permitted  failure  to  occur  after  a  delay  perioc 
even  though  the  loads  were  below  those  obtained  from  the  formal  Load-Carrying 
Capacity  Test.  Furthermore,  it  was  also  known  that  the  lubricant  could  be 
made  to  carry  load  for  short  periods  above  those  obtained  from  load-carrying 
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capacity  tests.  These  observations,  together  with  the  fact  that  data  plotted 
in  the  fora  of  load  vs  tine  to  failure,  fell  reasonably  close  to  straight  lines 
on  leg-linear  plots  (Figure  57)  suggest  that  a  fatigue  mechanism  is  somehow 
ccupled  to  the  mechanism  of  scoring.  The  hypothesis  is  therefore  proposed,  that 
scoring  can  cone  as  a  result  cf  an  increase  in  the  severity  of  contact  conditions 
accompanying  the  sudden  appearance  of  fatigue  cracks  or  pits  on  one  of  the  sur¬ 
faces  of  the  contacting  pair.  This  would  explain  the  appearance  cf  scoring 


after  a  delay  ^erxed,  and  it  Vvulu  explain  the  fact  that  in  the  original  uata 


of  this  type,  both  scoring  and  pitting  type  failures  were  correlated  by  the 
sane  curves. 


In  order  to  understand  hov  the  appearance  of  cracks  or  pits  night 
participate  in  the  scoring  phenomenon,  let  us  first  examine  the  scoring 
phenomenon  itself.  If  the  load  in  the  contact  zone  is  gradually  increased,  as 
in  a  load  carrying  capacity  test,  the  lubricant  film  becomes  thinner,  and  the 
amount  of  energy  generated  in  the  sliding  process  gees  up.  This  results  in  a 
higher  contact  temperature,  which  tends  to  lover  the  viscosity  cf  the  lubricant, 
resulting  in  a  tendency  toward  a  still  thinner  lubricant  film.  Ultimately,  a 
load  level  is  reached  at  which  the  metal  asperities  begin  to  contact  each  other, 
resulting  in  a  further  increase  in  contact  temperature.  At  seme  level,  the 
increase  in  temperature  becomes  suddenly  very  large;  it  can  exceed  the  melting 
point  of  the  metal,  and  when  this  happens  the  surfaces  are  said  to  have  scored. 
The  throwing  off  of  molten  particles  of  metal,  and  the  welding  and  tearing  of 
the  surfaces  as  a  result  of  sliding  produces  a  type  of  surface  which  can  be 
readily  identified  as  a  scored  surface  by  a  trained  observer. 


We  propose  that  this  simple  view  cf  scoring  can  be  complicated  by 
fatigue.  Fatigue  in  gears  can  be  qualitatively  understood  if  we  realize  that 
each  time  a  gear  tooth  goes  through  mesh,  it  is  subjected  to  a  variety  of 
stresses.  The  stresses  come  from  various  sources.  It  can  be  shown  that  when 
a  Hertz  stress  distribution  is  developed,  a  maximum  shear  stress  must  also 
develop  a  short  distance  below  the  surface.  In  the  presence  of  tangential 
stress  at  the  surface  in  addition  to  the  Hertz  stress,  the  shear  stress 
ir.cx V-Ouc g  £xu  mo. co  fccvcuu  vkc  wTmur  — w  cig..— 

because  hard  materials,  like  the  case-hardened  gears,  fail  in  shear.  In  addi¬ 
tion  to  the  stresses  just  mentioned,  tensile  and  compressive  stresses  in  the 
tooth  surfaces  are  developed  in  each  lead  cycle  from  the  tending  of  the  teeth. 
Finally,  it  has  been  suggested  by  3one  investigators  that  the  high  temperatures 
which  develop  in  the  contact  zone  contribute  thermal  stresses  to  the  total 
picture.  Without  attempting  to  analyze  the  development  and  interaction  of  these 
stresses,  which  must  obviously  be  very  complex,  one  can  readily  agree  that  there 
are  sufficient  cyclical  stresses  present  to  make  fatigue  effects  probable.  If 
a  pair  of  gear  teeth  are  operating  at  a  lead  hign  enough  to  induce  fatigue 
effects,  but  not  high  enough  to  produce  outright  scoring,  then  one  might 
expect  that  after  some  delay  period,  cracks  or  pits  would  develop.  These  would 
sufficiently  change  the  coefficient  of  friction  to  make  scoring  much  more  likely 
than  it  was  in  their  absence. 


There  is  considerable  evidence  in  the  Rotary  Contact  Simulator  data 
that  this  actually  happens.  In  all  tests  where  scoring  was  observed  on  the 
addendum  simulator,  there  were  associated  cracks,  or  rows  of  pits  present  on 
the  dedendum  simulator.  In  these  cases  where  the  loading  was  uneven,  due  to 


5-13926 


-.7 


misalignment  cf  the  specimens,  scoring  'was  produced  on  the  acre  highly  leaded 
side  of  the  addendun  simulator  specimen  and  cracking/pitting  damage  was  confined 
to  that  portion  cf  the  contact  zone  on  the  dedendum  simulator  which  had  been 
running  against  the  scored  portion  of  the  addendun  Simula ter. 

Further  evidence  cf  a  relationship  between  cracking  and  scaring 
consists  of  the  observation  that  a  line  on  the  dedendun  simulator  contacts  a 
certain  distance  on  the  circumference  of  the  addendum  simulator  as  they  pass 
through  contact  together.  The  distance  contacted  depends  on  tbs  load  on 
the  relative  rotative  speeds.  This  was  calculated,  and  it  has  been  found  that 
the  length  of  the  scored  streaks  on  a  typical  addendum  simulator  specimen 
agrees  approximately  with  the  distance  contacted  by  a  line  element  of  the 
dedendum  simulator.  Thus,  in  some  cases  at  least,  it  is  believed  that  scoring 
may  be  fatigue  induced. 

EP  agents  are  added  to  lubricants  to  increase  score  leads.  The 
addition  of  extreme  pressure  agents  to  the  lubricant  produces  surface  films  on 
the  metal  which  have  lower  friction  than  the  metal  asperities  themselves,  and 
they  thus  put  off  scoring  to  higher  loads.  Their  ability  to  do  this  is 
generally  evaluated  in  short  term  tests,  similar  to  the  load  carrying  capacity 
test.  However,  lubricants  in  service  are  generally  called  upon  to  provide 
their  protection  for  long  periods,  for  which  even  the  constant  load  tests  are 
only  a  short  approximation.  In  this  case,  EP  agents  by  virtue  of  the  higher 
loads  that  they  allow  may  accelerate  cracking.  What  is  one  to  expect  of  an  EP 
agent  tiiich  is  so  effective  that  in  spite  of  the  advent  of  fatigue  cracks,  it 
can  still  prevent  scoring?  Since  cracks,  once  formed  tend  to  grow  and  produce 
pits,  it  ought  to  be  expected  that  such  effective  EP  agents  as  these  would 
prevent  scoring,  but  allow  instead  pitting  to  develop  in  long-term  service. 

Two  other  areas  may  be  discussed  briefly.  When  gears  are  constructed 
according  to  the  stub- tooth  proportions,  as  are  the  helicopter  gears  we  are 
familiar  with,  the  regions  of  high-sliding  velocity  are  eliminated  and  the  ten¬ 
dency  to  score  is  thus  reduced.  However,  the  high  stress  region  near  the  pitch 
line,  where  the  loads  are  carried  in  single-tooth  contact  is  still  present,  sc 
the  effect  of  operating  at  high  loads  for  long  periods  ought  to  produce  pits. 

In  addition,  helicopter  gears  generally  operate  at  fairly  low  speeds  where  the 
contact  energy  is  usually  not  sufficient  to  produce  scoring.  One  should, 
therefore,  expect  that  damage  would  occur  in  the  form  of  pits. 

It  has  been  reasonably  demonstrated  that  scoring,  under  the  conditions 
of  this  test  program,  is  related  to  the  development  of  fatigue  cracks.  By 
investigating  fatigue  effects  through  the  medium  of  scoring,  we  have  been  able 
to  accomplish  a  great  saving  of  time.  Furthermore,  it  is  believed  that  the 
study  of  scoring  is  important  in  its  own  right.  The  requirement  that  gear 
boxes  carry  higher  and  higher  loads  in  the  future,  and  the  use  of  turbine 
drives  both  indicate  the  trend  to  more  severe  conditions.  Increases  in  speed 
have  been  shown  here  to  be  accompanied  by  reductions  in  load  carrying  capacity 
for  every  lubricant  tested.  The  fact  that  scoring  is  not  a  current  problem 
does  not,  in  itself,  guarantee  that  increases  in  speed  and  load  can  be  made 
without  scoring  failures. 


S-13926 


Sc  far  in  this  discussion  we  have  been  concerned  with  the  relation 
between  fatigue  and  scoring.  Considerable  information  has  also  teen  developed 
here  to  indicate  that  some  sort  of  break-in  schedule  is  highly  beneficial  in 
protecting  the  gears  free  damage  in  operation.  It  has  been  shewn,  furthermore, 
that  an  optimum  break-in  exists,  at  least  within  the  framework  of  cur  limited 
test  program.  Less  than  the  required  amount  of  break-in  results  in  early  scor¬ 
ing  of  the  gears,  while  a  break-in  schedule  which  is  toe  long  can  begin  to 
produce  damage  in  itself. 


It  is  believed  that  break-in  involves  a  sort  of  "competition"  between 
two  effects.  Break-in,  by  its  very  nature,  takes  advantage  of  the  high  stresses 
produced  by  the  irregularities  in  ■‘■he  new  surfaces  to  produce  localized  high 
wear.  To  provide  saxiimim  advantage,  the  break-in  schedule  should  be  long 
enough  to  reduce  the  roughness  to  a  practical  minimum,  without  exceeding  the 
stress  level  at  which  fatigue  cracks  begin  to  be  produced.  Concurrently,  with 
the  beneficial  effects  of  break-in,  there  is  the  likelihood  of  the  occurrence 
of  fatigue  damage. 


In  the  tests  which  have  been  conducted  here,  the  really  meaningful 
break-in  tests  are  these  for  which  the  results  have  been  plotted  in  Figures 
67  through  71.  Here,  the  survival  time  of  the  gearset  at  a  fairly  high  load 
is  related  to  the  time  spent  by  the  gearset  breaking  in  at  a  load  one  test-step 
lower.  Hie  survival  time  of  the  gears  at  the  "failure"  load  gce3  through  a 
maximum  as  the  tine  spent  at  the  "break-in"  load  is  varied.  The  time  required 
at  the  break-in  lead  to  produce  the  maximum  survival  time  a t  the  failure  load 
may  be  referred  to  as  the  optimum  break-in  time.  If  less  than  the  optimum 
break-in  time  is  provided,  it  appears  that  insufficient  reduction  of  asperities 
has  occurred.  This  effect  may  be  considered  to  continue,  at  least  to  the 
optimum,  and  perhaps  beyond,  since  there  is  no  reason  to  believe  that  the 
beneficial  wear  ends  at  this  point.  However,  the  second  effect,  fatigue,  is 
a  function  of  the  break-in  program,  also.  If  contact  conditions  remain  constant 
during  the  operation  of  the  gears,  one  might  argue  that  the  effect  of  fatigue 
accumulates  at  a  fairly  uniform  rate,  until  the  surfaces  fail.  However,  the 
rate  at  which  the  fatigue  effects  accumulate  is  not  only  a  function  of  load, 
cut  is  also  a  function  of  surface  roughness.  High  surface  roughness  increases 
the  tangential  friction  force  present  on  the  surfaces  which  in  turn  increases 
the  maximum  shear  stress  developed  within  the  metal.  .Moreover,  the  higher 
frictional  heating  raises  the  contact  temperature  which  may  change  the  activity 
of  the  EP  agents,  and  also  any  pre-fatigue  effect  they  have.  As  a  result,  the 
damaging  effect  of  fatigue  during  the  break-in  lead  probably  accumulates  at  a 
decreasing  rate.  The  interaction  of  a  break-in  wear  process  which  is  improving 
matters  with  time  and  a  break-in  fatigue  process,  which  is  steadily  making 
matters  worse,  results  in  the  production  of  a  maximum  in  the  survival  time  at 
the  failure  lead  in  these  tests.  These  data  are  net  directly  applicable  to 
helicopter  gear  practice,  without  further  study.  They  arose  in  a  test  program 
in  which  they  were  not  fully  expected  and  therefore  the  information  is  not 
fully  developed  nor  fully  understood.  It  is  extremely  likely,  however,  that 
by  the  further  exploration  of  this  avenue  of  research  much  can  be  learned  about 
the  properties  of  lubricants  and  the  safe  loading  of  gears.  The  development  of 
break-in  schedules  for  new  gears,  based  on  laboratory  data,  must  eventually 
provide  gears  which  have  a  better  chance  cf  survival  without  pitting  than  the 
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present  gears.  The  understanding  of  the  way  in  which  various  load  schedules, 
including  shock  lcad3,  or  ether  momentary  overloads  say  affect  the  life 
expectancy  of  gears  should  also  be  useful  in  machine  design. 

With  the  above  background  sene  further  observations  on  the  complexity 
of  studying  gear  pitting  nay  be  useful.  To  avoid  laboratory  runs  which  last 
far  months  it  was  necessary  to  operate  at  leads  which  accelerate  damage.  The 
effect  of  operation  at  higher  loads  is  to  produce  fatigue  in  fewer  load  cycles, 
and  therefore  sooner,  tut  it  also  changes  the  manifestation  of  damage.  At 
light  loads,  when  cracks  develop  they  cay  not  produce  scoring  because  the  loads 
are  not  high  enough  to  produce  very  high  contact  temperatures.  This  is 
particularly  true  for  the  helicopter  stub-tooth  gears,  where  the  regions  of 
highest  sliding  velocity  have  been  eliminated.  Therefore,  after  small  cracks 
have  been  produced,  these  gears  may  continue  to  operate  until  the  cracks  have 
grown  sufficiently  to  allow  pieces  of  metal  to  drop  out  of  the  teeth  surfaces, 
producing  pits.  At  higher  loads,  there  is  increased  likelihood  that  the  cracks 
will  produce  scoring. 

In  laboratory  tests  with  full-depth  gears,  operation  at  both  high 
load  and  high  speed  to  accelerate  fatigue,  results  in  scoring  because  each  of 
these  factors  brings  the  contact  closer  to  the  scoring  limit,  and  it  takes 
only  a  small  additional  energy  input  to  cause  scoring.  The  additional  energy 
comes  from  an  increase  in  friction  at  the  contact  due  to  the  sudden  appearance 
of  a  surface  crack. 

Thus,  while  laboratory  tests  produced  scoring,  it  is  the  theme  of 
this  arguement  that  the  scoring  resulted  from  cracks  (in  these  tests)  which, 
in  another  system,  would  have  propegated  and  ultimately  caused  pits.  Since 
scoring  and  pitting  arose  fran  the  same  cause  (cracks),  we  can,  with  care  and 
alertness  to  the  complexities  of  the  phenomena,  use  certain  kinds  of  score- 
limited  tests  to  study  fatigue  pitting  in  the  laboratory. 

Sane  final  caanents  on  laboratory  tests  can  now  be  made.  The  phrase 
"care  and  alertness"  above  13  not  used  casually.  Valid  laboratory  work  of 
this  kind  requires  detailed  and  literally  microscopic  examinations  of  the  test 
surfaces  so  that  incipient  changes  may  be  detected  before  they  become  confused 
with  other  events;  it  requires  cross-checkirg  of  observations  in  at  least  two 
systems,  in  this  work  the  gear  machine  and  the  simulator,  to  avoid  isolated 
peculiarities  of  special  systems;  and  it  requires  the  support  of  a  careful 
analysis  of  the  mechanics  of  contacts  so  that  what  is  discovered  in  laboratory 
tests  will  have  a  rational  foundation  for  translation  to  practical  systems. 

The  latter  requirement  is  the  principle  purpose  of  the  analysis  of  gears 
presented  in  this  work.  The  analysis  provides  a  language  to  relate  laboratory 
and  field  observations;  while  it  should  be  useful  to  designers  of  gear  systems, 
it  is  not  in  itself  a  guide  to  gear  design. 

S’.nmifl-ry  and  Conclusions 

1.  An  analysis  has  been  presented  that  allow  one  to  calculate  the 
Hertz  Stress  for  a  gear  contact  point  at  the  middle  of  the  line  of  action  by 
a  simple  expression.  This  stress  value  has  been  called  a.5.  The  Hertz  Stress 
at  any  other  point,  is  shown  to  be  related  to  a. 5  by  a  parameter  X,  which 
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is  the  fractional  distance  traveled  'ey  the  contact  point  fren  the  beginning  of 
the  line  of  action  at  the  base  circle  of  the  driver  to  the  end  of  the  line  of 
action.  The  occurrence  of  single-tooth  and  double- tooth  contact  can  also  be 
expressed  in  teres  of  the  parameter,  X.  Through  use  of  the  ratio,  oj/o, sg  and 
the  parameter,  X,  much  of  the  complex  mechanics  of  involute  gears  can  be 
reduced  to  relatively  simple  forms.  Generalized  curves  have  been  developed  to 
show  the  relationship  between  Hertz  Stress,  gear  ratio,  and  pitch  diameter  for 
any  involute  gearset  of  a  given  pressure  angle.  Two  sets  of  these  curves  are 
given,  one  for  20~  and  one  for  22-1/2°  pressure  angle. 

2.  A  study  of  the  relationships  revealed  by  the  above  analysis  sug¬ 
gested  that  one  zl~hi  establish  a  balanced  stress  criterion  that  would  avoid 
the  use  of  those  -ear sets  having  regions  of  particularly  severe  contact  stress. 
Such  regions  can  occur  near  the  beginning  or  end  of  dcuble-tccth  contact  for 
certain  choices  of  gear  ratio  and  nuaber  of  teeth.  Since  sliding  speed  is  also 
high  in  these  regions,  it  is  preferred  that  the  rar ina  stress  in  dcubie-tcoth 
contact  should  be  not  mere  than  the  stress  in  single-tooth  contact,  a  region  of 
relatively  lev  sliding  velocity.  The  ratio  ^f  saY-iirara  dcubie-tcoth  contact 
stress  to  maximum  single-tccth  contact  stress  has  teen  called  m,  and  plots  are 
presented  which  show  the  relation  between  gear  ratio  and  minimum  number  of 
teeth  for  values  of  m  ranging  from  1//2,  a  theoretical  mmara  fer  lead  sharing, 
to  2.  These  values  bracket  the  practical  range  of  interesx. 

3.  Spur  gear  experiments  consisted  of  load-carrying  capacity  tests, 
constant  load  tests,  and  break-in  tests.  From  the  first  two  cf  these  a  hypothesis 
relating  fatigue  to  scoring  was  evolved.  This  hypothesis  states  that  scoring 

may  result  from  an  increase  in  contact  severity  arising  from  the  sudden  appear¬ 
ance  of  fatigue  cracks  in  the  contact  zone.  This  would  explain  the  appearance 
of  scoring  after  a  delay  period,  and  it  also  explains  why  scoring  and  pitting 
type  failures  can  sometimes  be  correlated  by  the  same  load  vs  time  curve.  The 
break-in  tests  suggested  that  two  competing  mechanisms  are  in  operation  during 
the  early  period  of  gear  running.  On  the  one  hand,  break-in  operation  reduces 
surface  roughness  aid  thereby  reduces  both  surface  stress  and  surface  tempera¬ 
ture.  These  effects,  in  turn,  allow  higher  loads  to  be  carried  for  longer 
periods  in  subsequent  operations.  On  the  other  band,  fatigue  cycles  are 
accumulating  during  break-in,  and  moreover  they  are  accumulating  over  a  high 
stress  (rough)  period.  The  consequences  of  this  stress  history  will  shorten 
the  useful  life  in  subsequent  operations.  Data  are  presented  which  show  how 
these  two  mechanisms,  operating  together,  result  in  an  optimum  break-in  for 
maximum  service  life. 

4.  The  Rotary  Conxact  Simulator  makes  it  possible  to  exactly  simulate 
the  contact  conditions  existing  at  any  selected  point  in  a  pair  of  gears.  R Sore- 
over,  it  creates  a  homogeneous  sample  of  surface  entirely  around  the  disk  which 
exhibits  the  characteristics  of  a  single  element  (Hertz  area)  on  the  gear  tooth 
under  study.  In  contrast,  each  element  of  a  gear  tooth  exists  in  a  comjlex 
gradient  of  several  variables,  and  any  particular  element  of  interest  is  avail¬ 
able  as  only  a  very  small  sample.  This  availability  of  a  relatively  large 
sample  on  the  simulator  lends  appreciable  power  to  observations  of  phenomena 
with  broad  statistical  backgrounds,  uuch  as  fatigue.  Through  the  use  of  the 
simulator,  the  fatigue-scoring  hypothesis  was  confirmed  in  detail;  and  an 
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extension  of  the  hypothesis,  that  is,  in  the  absence  cf  scoring,  cracks  will 
degenerate  to  pits,  was  also  observed. 

5-  Incidental  to  the  sain  stream  of  the  work  was  the  observation  on 
the  simulator  that  traces  of  rust  are  produced  on  the  working  surfaces  under 
sene  operating  conditions.  Careful  searching  for  rust  on  the  gears  revealed 
that  it  was  present  in  that  system  too,  although  its  presence  in  gears  would 
not  have  been  detected  without  guidance  from  the  simulator.  This  observation 
was  not  per  sued  with  further  experiments,  although  the  implications  far  gear 
lubrication  and  wear  are  probably  quite  significant. 
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ALONG  LINE  OF  ACTION  FOR  1 .5:1  GEAR  RATIO,  GEAR  DRIVING 
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Figure  13.  LOCATION  OF  ONE-TOOTH  AND  TWO-TOOTH  CONTACT 
ALONG  LINE  OF  ACTION  FOR  1:2  GEAR  RATIO.  PINION  DRIVING 
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Figure  14,  LOCATION  OF  ONE-TOOTH  AND  TWO-TOOTH  CONTACT 
ALONG  LINE  OF  ACTION  FOR  1:1.5  GEAR  RATIO,  PINION  DRIVING 
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Figure  15,  LOCATION  OF  ONE-TOOTH  AND  TWO-TOOTH  CONTACT 
ALONG  LINE  OF  ACTION  FOR  1:1  GEAR  RATIO 
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Figure  17.  LOCATION  OF  ONE-TOOTH  AND  TWO-TOOTH  CONTACT 
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Figure  19.  LOCATION  OF  ONE-TOOTH  AND  TWO-TOOTH  CONTACT 
ALONG  LINE  OF  ACTION  FOR  3:1  GEAR  RATIO,  GEAR  DRIVING 
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Figure  33.  COMPARISON  OF  MINIMUM  NUMBER  OF  TEETH 
REQUIRED  FOR  BALANCED  STRESS  WITH  m  =  1  BETWEEN 
FULL  DEPTH  TEETH  AND  STUB  TEETH 
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Figure  34.  COMPARISON  OF  MINIMUM  NUMBER  OF  TEETH 
REQUIRED  FOR  BALANCED  STRESS  FOR  THREE 

VALUES  OF  m 
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Figure  35.  COMPARISON  OF  MINIMUM  NUMBER  OF  TEETH 
REQUIRED  FOR  BALANCED  STRESS  FOR  THREE 

VALUES  OF  m 
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Figure  46.  SECTION  VIEW  HIGH  SPEED  SPUR  GEAR  MACHINE 
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GEAR  LOAD  CARRYING  CAPACITY  FOR  MIL-L-7808C  OIL  vs  SPEED 
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D  CARRYING  CAPACITY  FOR  MIL-L-21260  (GRADE  2)  vs  SPEED 


CARRYING  CAPACITY  OF  FOUR  MIL  SPEC.  OILS  vs  SPEED 


COMPARISON  OF  BREAK'IN  ’EST  SCHEDULE 
)AD  CARRYING  CAPACITY  TEST  SCHEDULE 


ure  55.  CONSTANT  LOAD  LIFE  OF  SPUR  GEARS  AT  3200 
LUBRICATED  WITH  MIL'L-7808C  OIL 
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ure  58.  CONSTANT  LOAD  LIFE  OF  SPUR  GEARS  AT  12,800  r 
LUBRICATED  WITH  MIL-L-7808D  OIL 


ure  59.  CONSTANT  LOAD  LIFE  OF  SPUR  GEARS  AT  SEVERAL  SPEEDS 
LUBRICATED  WITH  MIL-L'7808D  OIL 
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ure  60,  COMPARISON  OF  CONSTANT  LOAD  TESTS  WITH  LOAD  CARRYING 
CAPACITY  TESTS  FOR  MIL-L-7808E  OIL  AT  1600  rpm 
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gure  63.  LOAD  CARRYING  CAPACITY  AND  BRE 
FOR  MIL-L-21  260  (GRADE  2)  OIL  AT  1000 
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ure  64.  BREAK-IN  AND  LOAD  CARRYING  CAPACITY  TESTS 
FOR  MIL-L-21  260  (GRADE  2)  OIL  AT  1600  rpm 
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Figure  70.  COMPARISON  OF  B  REAK  ~ IN  DATA  FOR  M1L-L-21260 
(GRADE  2)  OIL  AT  THREE  SPEEDS 
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72.  ROTARY  CONTACT  SIMULATOR  SPECIMENS 


o 


Figure  73.  GEAR  GEOMETRY  DIAGRAM 
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Figure  75.  PITTED  HELICOPTER  GEAR  TOOTH 
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Figure  76.  PITTED  PINION  ADDENDUM 
8X  Magnification 
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Figure  77.  ROTARY  CONTACT  SIMULATOR  TEST  SPECIMEN 
SIMULATING  PINION  ADDENDUM 
(Surface  Unrolled  by  Special  Photographic  Technique) 
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Figure  78.  WORN  SURFACE  OF  ROTARY  CONTACT 
SIMULATOR  SPECIMEN  SIMULATING 
GEAR  DEDENDUM 
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Figure  79.  WORN  SURFACE  OF  ROTARY  CONTACT 
SIMULATOR  SPECIMEN  SIMULATING 
GEAR  DEDENDUM 

(Surface  Unrolled  by  Special  ’’hotograph  ic  Technique) 
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ROTARY  CONTACT  SIMULATOR  SCORE  LOAD  DATA  AT  3200  rpm  COMPARED 
i  SPUR  GEAR  SCOrFlOAD  CURVE  FOR  MIL-L-7808C  OIL  AT  3200  rnm 
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Figure  81.  ROTARY  C  NT  ACT  SIMULATOR  SCORE  LOAD  DATA  AT  6400  rpm  COMPARED 
WITH  SPUR  GEAR  SCORE  LOAD  CURVE  FOR  MIL-L-7808E  OIL 


ROTORY  CONTACT  SIMULATOR  SCORE  LOAD  DATA  AT  6400  rpm  COMPARED 
H  SPUR  GEAR  SCORE  LOAD  CURVE  FOR  MIL-L-21260  (GRADE  2)  OIL 


